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ABSTRACT
A study of the effect of variable solid properties on 
the kinetics of the reaction of spherical manganous oxide 
pellets with hydrogen sulfide gas was performed. This study 
resulted in a major modification of the grain model to 
allow for radial solid property variations due to reaction 
and/or sintering. It was shown that this new model did a 
better job of predicting actual reaction behavior than did 
the original constant property grain model.
A complete experimental study was made of the effects 
of exposure to high temperatures (sintering) and the effects 
of the reaction itself on the structural properties, notably 
the specific surface area and porosity, of the solid reactant 
(MnO) and solid product (MnS). It was determined that 
sintering resulted in drastic changes in the solid properties 
as exposure temperature increased. It was also shown that 
sintering was negligible below 500°C and caused significant 
variations only at or above 600°C. These structural varia­
tions were correlated as a function of time and temperature 
for use in the reaction model.
Variations in solid properties were also noted due to the 
effects of the reaction itself. The porosity change was 
determined to be a function of the molar volumes of solid 
reactant and product and the extent of reaction. A ratio 
of the molar •>,olume of solid product to that of solid
reactant greater than unity results in porosity decrease 
and a slower rate of reaction. In the present case, this 
ratio was 1.59. The surface area change with reaction, 
however, could not be correlated with molar volume. An 
empirical correlation was developed for inclusion in the 
model.
The experimental kinetic study was carried out with the 
twofold purpose of determining the kinetic parameters of 
the reaction and providing data for comparison with model 
predictions. All kinetic data were collected on a thermo- 
gravimetric analyzer, which measured weight change in a 
single pellet during reaction as a function of time. Reactions 
were carried out at temperatures of 200°C to 800°C for gas 
streams containing 1.0 to 2.0 mole percent H2S. In general, 
it was observed that the fastest rate of reaction was 
obtained at 500°C with reactions at higher temperatures 
exhibiting, in many cases, much slower rates.
The data were compared to the predictions of the constant 
property grain model and the variable property model developed 
herein. In all cases, except at 500°C, the proposed model 
exhibited far better predictive capabilities. At 500°C 





Noncatalytic gas-solid reactions play an integral role 
in many industrial processes. Examples of present pro­
cesses employing such reactions are solid fuel combustion, 
coal gasification, the roasting of sulfide ores, and iron 
oxide reduction. It is probable that processes involving 
gas-solid reactions will become increasingly important 
in the future, especially as applied in the fields of energy 
and environmental pollution control. A complete under­
standing of these reactions is thus necessary to insure 
proper process designs.
Unfortunately, only recently have gas-solid reactions 
been studied to any great extent. In fact, although 
several reaction models have been postulated, process 
designs involving gas-solid reactions have been done, in 
general, on an empirical basis. The problem is that 
existing models are not general enough to adequately 
describe actual reaction behavior (1).
The complex nature of gas-solid reactions has con­
tributed greatly to modelling difficulties. Such complexities 
as the unsteady state nature of the reactions and the 
variations in solid physical properties during the course 
of the reactions must be considered in any realistic model. 
Although a considerable amount of research has been done
in this area., no completely satisfactory model exists.
Steps in a Typical Gas-Solid Reaction
An effective gas-solid reaction model must adequately 
describe the intermediate steps of the reaction. These 
intermediate steps are: (a) mass transfer of reactants
and products between the bulk gas stream and the external 
surface of the reacting solid particle; (b) diffusion 
of gaseous reactants and products through the pores of 
the solid product or through the pores of a partially 
reacted solid; (c) adsorption of the reactants on and 
desorption of the products from the solid surfaces; 
and (d) the actual chemical reaction between the adsorbed 
gas and the solid. In addition, there are other 
phenomena that may affect the behavior of such a reaction 
and should be considered in any model— notably heat 
transfer, the flow of gases and solids in equipment used 
for gas-solid reactions, and changes in the solid 
structure that accompany the reaction (1). An understanding 
of these phenomena is necessary if we are to completely 
understand the system and therefore optimize the per­
formance of industrial equipment in which the reaction 
is carried out.
The present work will concentrate upon perhaps the 
most important of the additional phenomena, the effect of 
changes in the solid structure during the course of reaction.
Constant Property Models
Most of the existing gas-solid reaction studies have 
resulted in the development and/or utilization of models 
in which it is assumed that the properties of the solid 
are constant during the course of the reaction. A detailed 
description of existing constant property models can be 
found elsewhere (1,2). Only a brief description of the 
key concepts plus an identification of the shortcomings 
of these models will be given here. Equations will be 
presented only for the unreacted-core and grain models 
as they are the most applicable to the present study. The 
unreacted-core model is important due to its simplicity 
and its widespread use in existing studies; the grain 
model is important because it is a more general approach 
and is the basis for several of the variable property 
models that will be discussed in Chapter II.
Unreacted-core model. The unreacted-core model, 
presented by Yagi and Kunii (3) in 1955, provided the 
first reasonable description of noncatalytic gas-solid 
reactions. This model, shown in Figure I-la, assumes 
that the reaction occurs first at the outer surface of 
the solid particle; as the reaction progresses the 
reaction surface moves inward toward the particle center 
leaving behind a layer of completely reacted material.
The requirement of a sharply defined boundary between 



















(d) Grain Model 
Figure 1-1, Constant Property Models
to this model.
If the reaction to be considered is of the general
form:
where a,, a.,, a„, a_ are stoichiometric coefficients A’ B C D
(negative for reactants, positive for products) and the 
reaction is carried out isothermally, the equation of 
continuity in spherical coordinates for the gaseous reactant 
A is:
J  d C  A-J- [r2 —  ] = 0 r < r < r (1-2dr dr c s
with boundary conditions:
aAA(g) + aBB(s) acC(g) + aDD(s) (1-1)
= - RA (1-3)c
r (1-4)s
where: r = radial position, length
= concentration of gaseous reactant A, moles 
length- 3
D = effective diffusivity of gaseous reactant A 
6 A
in porous product layer, length2 time 1
R = reaction rate of gaseous reactant A, molesA
length-2 time-1
k = mass transfer coefficient for gaseous reactant 
mA
6
A, length time" 1 
= bulk concentration of gaseous reactant A,
o
moles length-3
C. = surface concentration of gaseous reactant A,
Pis
moles length-3 
rg = radius of spherical solid pellet, length 
r£ = radius of unreacted core of spherical solid 
pellet, length 
If the reaction rate is first order with respect to the 
concentration of A, it takes the form:
RA ■ aA ks CB CA (I-5)o c
where: k = intrinsic reaction rate constant based on thes
surface area of the unreacted core, length1*
moles-1 time-1
CL = initial solid reactant concentration, moles 
Bo
length-3
= concentration of gaseous reactant A at un-
c
reacted core surface, moles length-3 
The solid phase material balance can be written in terms of 
fractional conversion as:
d x . k (1_6)
dt r B s As c
with the initial condition:
= 0 (1-7)X
where: t = time
= concentration of gaseous reactant A at unreacted
c
core surface, moles length-3 
In this situation, equations (1-2) and (1-6) can be 
solved analytically to yield an expression relating frac­
tional conversion and time: 
a. r CA s B -rr r _  _  9
t - — — =— -  +  [i + 2U-X) - 3C1-X) ]
A m e (1-8)o A A
[1 -  ( i -x )1/3]>a k C A s Bo
Fractional conversion is easily obtainable from experimental 
reaction studies and thus comparison of experimental data 
to the predictions of the unreacted-core model is facili­
tated. Equation (1-8) is also important because it shows 
the relationship of the three major resistances— external 
mass transfer, internal diffusion, and chemical reaction—  
to the overall fractional conversion versus time behavior. 
The first term in the braces in equation (1-8) quantifies 
the external mass transfer resistance, the second term 
quantifies the internal diffusion resistance, and the 
third term quantifies the chemical reaction rate resistance.
Therefore, if a reaction system can be considered to 
behave according to the unreacted-core model, examination 
of the experimental fractional conversion versus time plot 
should result in the determination of a controlling resis­
tance, if any. For example, from equation (1-8), if 
external mass transfer is the rate controlling step, then
k << D , k and the resulting equation is: 
mA eA S
aA rs CB
1 = 3a C. k X (I-9)B A m. o A
A plot of fractional conversion versus time should be
linear. Likewise, if internal diffusion is the controlling
resistance then D << k , k and 
eA mA S
aA rs2 CB„ _
t = c ~  [1 + 2(1-X) “ 3(1-X) ] (I_10)
o A
A similar expression can be derived for the case in which 
the chemical reaction rate is the controlling resistance.
The simplicity of solution of the unreacted-core 
model has led to its widespread use in studies of gas-solid 
reactions. Yoshida and Wen (4) used the unreacted-core 
model to describe fluidized bed reactors for noncatalytic 
gas-solid reactions. It was assumed that the chemical 
reaction step was rate controlling. The adequacy of the 
proposed model was shown by comparison to experimental data 
on the roasting of zinc sulfide. However, the model is
limited to fluidized beds of small particles.
Lynch and Elliott (5) used the unreacted-core model 
as the basis of their study of the kinetics of oxidation 
of dense pellets of calcium sulfide in the temperature 
range 1673°K to 1853°K.
Park and Levenspiel (6) proposed a modification to 
the unreacted-core model termed the "crackling core" model. 
They assumed that the initially nonporous solid, by the 
action of the reactant gases, was first transformed from 
the surface inward, along a sharp interface, to an easily 
penetrated grainy material which offered no diffusional 
resistance. Each of the grains then reacted according to 
the unreacted-core model, as is assumed in the grain model 
which will be discussed later. The model involved only 
one additional parameter above those already necessary for 
the unreacted-core model. It is limited in application 
to reactions in which an initially nonporous solid is 
converted to a porous product. The model predictions 
compared favorably with experimental data on the reduction 
of Fe30if to Fe.
A review of many other studies utilizing the unreacted- 
core model can be found elsewhere (2). It is the conclusion 
of the majority of these studies that the unreacted-core 
model provides good agreement with experiment when the 
unreacted solid is highly nonporous, or, if the reacting 
solid is porous, when the reaction system is internal-
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diffusion controlled (7). In most other situations, however, 
it fails. Bowen (8) pointed out that incorrect use of the 
unreacted-core model in situations where it is not applicable 
will lead to incorrect values of the activation energy.
Homogeneous model. In 1963, Weisz and Goodwin (9) 
proposed the homogeneous model for gas-solid reactions to 
describe the combustion of carbonaceous deposits within 
a porous catalyst particle. Only a brief discussion of 
this model will be presented. The reaction is assumed 
to occur throughout the solid, i.e., homogeneously within 
the entire particle. A diagram is shown in Figure I-lb.
In contrast to the unreacted-core model, it corresponds 
to the case in which the solid is highly porous so that 
the gaseous reactant can diffuse freely throughout. Weisz 
and Goodwin noted this behavior at low temperatures where 
the chemical reaction was the rate controlling step.
Costa and Smith (10) used the homogeneous model to 
describe the hydrofluorination of uranium dioxide where 
chemical reaction was the rate controlling step.
Zone reaction models. Both the unreacted-core and 
homogeneous models are thus limited in application as they 
represent extreme cases. It has been noted by several 
investigators that many gas-solid reactions take place in 
zones of substantial width in the porous solid particles 
(1,11). This situation will be realized when the solid 
is intermediate in porosity between the extremes defined
by the unreacted-core and homogeneous models. Thus, 
several zone reaction models have been developed. For the 
most part, these are general in that they reduce to the 
unreacted-core model and the homogeneous model in limiting 
situations. Some of these zone models are briefly 
described below. The grain model will be discussed in detail.
Bowen and Cheng (12) proposed a "diffuse interface" 
model for fluid-solid reactions in which the reaction was 
assumed to occur in a narrow zone between the product 
layer and the unreacted core. A diagram is shown in 
Figure I-lc. A simple solution could be obtained if the 
reaction was assumed to be irreversible and if concentration 
profiles within the reaction zone were linear. It was 
shown that the rate of reaction was a function of the 
thickness of the reaction zone. The model avoided the 
possible misinterpretation of experimental data that re­
sulted if the unreacted-core model was used beyond its 
range of applicability.
Mantri et al. (13) developed a zone reaction model 
which did not require that concentration profiles be linear 
in the reaction zone. It was assumed that the reaction 
took place in three stages: 1) zone formation; 2) zone
travel; and 3) zone collapse. In stage one, the reaction 
occurred first at the solid surface and then a reaction 
front progressed inward. Once a finite zone was formed 
(the thickness depended upon the particular system),
this zone moved inward leaving behind a completely reacted 
product layer. The reaction ended when the zone reached 
the solid center and the rest of the solid was consumed.
It was shown that the model reduced to the homogeneous 
and unreacted-core models as limiting cases.
The above models are termed distributed models in 
that the analysis of reaction and diffusion are based upon 
the entire solid particle. Other zone reaction models 
are termed structural models in that they consider the 
structural makeup of the solid.
Grain model. Perhaps the most satisfactory of the 
structural models is the grain model, first presented by 
Szekely and Evans (14) in 1970. A diagram is shown in 
Figure I-ld. The grain model assumes that each solid 
particle is composed of microscopic, highly dense, spherical 
grains, each of which individually reacts according to the 
unreacted-core model. The overall analysis is based upon 
the reaction of these individual grains. The model 
equations are presented here since they form the basis 
for several of the studies that are to be considered in 
later chapters.
The reaction to be considered is of the same general
form:
a^A(g) + agB(s) aQC(g) +  a p i s ) (1-1)
where the stoichiometric coefficients for the reactants
are negative and those for the products are positive. 
For a spherical particle of solid reactant, the species 
continuity equation for reactant gas A, assuming first 
order reaction with respect to gas concentration is:
D 3a. r 12 k ' C Ce . . dC, A c  s B ^ AA d , o  A-i j________________________ °____________ — o
dr [r dr ] a, k ' C *A s B c r
r ' 3 [ 1 --------— t-2-----  (1
(1-11)
with boundary conditions:
D ^ A  
eA dr = k (C. ~ C. ) (1-12)m. A A r = r A o ss
dr = 0 (1-13)
r = 0
where: r 1 = radius of the unreacted core within each grain,
length
k ' = intrinsic reaction rate constant based on s
the surface area of the unreacted core of
each grain, length4 moles-1 time-1
r 1 = grain radius, length s
CL. 1 = initial reactant solid concentration in each Bo
grain, moles length-3
D ' = grain effective diffusivity, length2 time' 
eA
-1
The solid reactant material balance can be written in terms 
of the unreacted-core radius of each grain as:
Simultaneous numerical solution of these two equations 
results in fractional conversion versus time predictions 
which can be compared to experimental data.
The grain model adequately represents actual reaction 
behavior in several studies reviewed elsewhere (1,2).
A recent study by Szekely and Karatas (15) on the reduction 
of wustite disks with carbon monoxide was based upon the 
grain model.
Although the grain model equations include parameters 
which characterize the reactant solid, it is important 
to note that all of the above models, including the grain 
model, assume that the solid properties do not change 
during the course of the reaction.
Limitations of Constant Property Models
The shortcomings of the unreacted-core and homogeneous 
models have already been alluded to. The unreacted-core
dr 1c (1-14)dt
( 1 -  r c* / r 8 ' ) J
with the initial condition:
rc rs (1-15)
t = 0
model is limited in application to situations in which 
the solid is nonporous or the system is internal diffusion 
controlled. The homogeneous model applies when the solid 
is highly porous or the reaction system is chemical reac­
tion controlled.
In his study of the reaction of H2S with spherical 
ZnO particles, Gibson (2) examined the ability of the 
unreacted-core, homogeneous, and grain models to match 
experimental behavior. Although each of the models 
worked reasonably well in certain temperature ranges, all 
fell short of adequately representing the actual reaction 
behavior over the entire range of interest.
Sampath et al. (16) compared the homogeneous model, 
the unreacted-core model, the finite thickness reaction 
zone model, and the grain model in describing the non- 
isothermal regeneration of coked catalyst pellets. None 
of the above models was effective in mirroring the experi­
mental behavior.
Variable Solid Properties and Gas-Solid Reactions
The assumption of constant solid properties during the 
course of reaction in the above models is a faulty one in 
many situations. Although the solid property changes may 
be quite complex, one can arbitrarily group them into two 
major categories. The fiist category consists of those 
changes due only to the effect of exposure to high tempera-
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tures. These changes are independent of reaction and in 
this study will be grouped under the term "sintering." 
Sintering refers to the phenomena by which a porous solid 
increases its density and reduces its surface area as a 
result of being held at an elevated temperature below its 
melting point (1). Sintering will be discussed in detail 
in later chapters.
The second category consists of those structural 
modifications that are a result of chemical reaction only. 
These changes occur because the molar volumes of the solid 
reactant and product are different. If the product molar 
volume is greater than the equivalent volume of reactant, 
the solid will become less porous as reaction proceeds.
The opposite situation will result in increased porosity.
An example in which variable solid properties were 
noted is the reaction system:
ZnO(s) + H2S(g) -> ZnS(s) + H20(g) (1-16)
This reaction was studied by Gibson (2) and Ranade (17). 
Property changes were due to both sintering and reaction. 
Figure 1-2 shows the measured variations in one of the 
solid properties, the specific surface area, for spherical 
pellets of zinc oxide as a function of exposure time for 
several temperatures. At 800°C, sintering effects a tenfold 
decrease in surface area from approximately 34 m2/g to about 























Figure 1-2. Sintering of Zinc Oxide (17)
with conversion at a temperature where sintering is negli­
gible. Note that the specific surface area is halved for 
100% conversion of oxide to sulfide. A situation in which 
the molar volume of product is less than the molar volume 
of reactant should result in an increase of surface area. 
However, in the reaction of zinc oxide to zinc sulfide, the 
effects of both sintering and conversion tend to decrease 
the surface area.
How will variable solid properties affect the course 
of a gas-solid reaction? Referring to the typical steps 
in a gas-solid reaction that were discussed previously, 
one can conceptually see that, as an example, the rate of 
internal diffusion will vary if the pore structure of the 
solid changes. If the changing physical properties 
resulted in an increase in porosity, the internal diffusion 
rate would increase. Conversely, if the porosity decreased, 
so too would the internal diffusion rate. This effect will 
be easily seen when the effective diffusivity term, which 
is a function of porosity, is evaluated. Densification 
of the solid due to the effects of reaction and sintering 
may result in reaction "die-off" before 100% conversion 
is obtained. Also, the thermal conductivity of the solid 
may vary as solid physical properties change. The above 
examples point out the necessity of considering such varia­















0,2 0,4 0,6 0.8
Fractional Conversion of Zinc Oxide
Figure 1-3. Specific Surface Area as a Function of Conversion
of Zinc Oxide to Zinc Sulfide (17)
How will variable solid properties affect the gas- 
solid reaction models discussed above? The qualitative 
effect on the unreacted-core and homogeneous models is 
obvious. A change in porosity will cause deviation in 
behavior away from the regimes of the extreme cases. An 
example of the effect on the zone reaction models will be 
given by considering the grain radius, a parameter included 
in the grain model equations. Wen (18) has shown that 
if a spherical solid pellet consists of spherical grains 
all of the same size, the grain radius, r *, is given 
by:
where: A = specific surface area of the solid, length2
mass- *
Pg = true density of solid, mass length-3
If the specific surface area decreases by a factor of ten, 
as was shown above for the sintering of zinc oxide, the 
grain radius will increase by a factor of ten according 
to equation (1-17). Thus the effect can be quite significant.
It can be concluded that the effects of both reaction 
and sintering on the solid properties should be considered 
in any model describing gas-solid reactions, especially 
those that occur at high temperatures. The success of 
process designs involving gas-solid reactions depends upon 
how well the actual reaction behavior is understood, a
model which allows for variable solid properties should 
enhance this understanding.
Objective of the Research
The overall objective of the present research is to 
study the effects of variable solid properties upon the 
kinetics of gas-solid reactions, to examine existing 
variable property models, and to modify and/or extend 
these models as necessary. This overall objective will be 
accomplished through three major tasks, each of which 
is described below.
Plan of the research. The first task will consist of 
an experimental program to measure the variations of the 
solid physical properties. The purpose is to develop 
correlations which relate these variations to both sintering 
and reaction. The correlations will be in such a form as 
to allow easy incorporation into the proposed gas-solid 
reaction model. The experimental program will be designed 
so that both causes of solid property variations will be 
considered completely and separately.
The second task will consist of an experimental program 
to determine the kinetic parameters and to follow the 
progress with time of a test reaction. The kinetic para­
meters are necessary for inclusion in the proposed model. 
Verification of the proposed model will depend upon its 
ability to predict the experimental behavior that is
22
seen in this phase of the research.
The third task will consist of model development or 
extension. The correlations developed in task one, along 
with the kinetic parameters from task two, will be 
included in the model which will be written in as general 
a form as possible. A numerical solution technique will 
be developed, the importance of the various properties 
will be determined by a parametric study, and predicted 
results will be compared with experimental results.
Test Reaction
All experimental work will be based upon the gas-solid 
reaction:
MnO(s) + H2S(g) MnS(s) + H20(g) (1-18)
This reaction is chosen for two reasons. First, it 
represents the most general form of gas-solid reaction 
in which gaseous and solid reactants are converted to 
gaseous and solid products. One possible shortcoming is 
that both sintering and reaction will result in grain 
growth and pore closure as the molar volume of the product 
(MnS) is greater than the molar volume of the reactant (MnO).
The second reason for choosing the above reaction is 
that it has potential commercial significance as a means 
of high-temperature desulfurization of low-BTU gas from 
coal gasification. Sulfur removal is a necessary part 
of any coal gasification process. The specific application
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considered here is a COGAS (combined gas and steam turbine) 
power generation system. In such a system, the hot 
producer gas will be used to run a gas turbine, thus 
utilizing its sensible heat. It will then be burned to 
produce steam to run a steam turbine (19). The gas exiting 
a coal gasifier contains up to approximately 1% H2S and if 
it is desired to keep this gas at the temperature of the 
gasifier as in the COGAS system, a high temperature desul- 
furization process is a must.
Manganous oxide was identified as a possible candidate 
for the high temperature reaction with H2S (20,21). A 
thermodynamic screening of the oxides of 28 elements 
using a free energy minimization technique showed that, 
among others, MnO was thermodynamically feasible for the 
high temperature desulfurization reaction. In fact, MnO 
was shown to be capable of 95% or more sulfur removal 
from about 400°C to approximately 1100°C.
The utilization of CaO in the form of calcined or 
half-calcined dolomite as the basis of a high temperature 
desulfurization technique has received much study. From 
the thermodynamic screening described above, it was shown 
that CaO would be feasible only above 800°C as below this 
temperature CaC03 is formed preferentially over CaS (the 
producer gas contains sufficient CO2 to cause this). Such 
high temperatures place stringent restrictions on possible 
materials of construction and make it more difficult to
regenerate the spent oxide. When a comparative study of 
the kinetics of the reactions of MnO, ZnO, CaO, and V2O3 
with H2S was performed, it was shown that MnO possessed 
the most favorable kinetics for the reaction (21). In 
fact it was observed that the intrinsic reaction rate of 
WhO with H2S was approximately one order of magnitude 
greater than those of CaO and ZnO with H2S and two orders 
of magnitude greater than that of V2O3 with H2S. The 
overall recommendation was that a complete study of the 
reaction of MnO with H2S be conducted.
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CHAPTER II
VARIABLE PROPERTY MODELS
The need to consider variable solid properties in any 
study of gas-solid reaction systems was discussed in the 
previous chapter. This task has been attempted in a few 
recent studies and, in some cases, variable property models 
have been proposed. Usually, however, the properties 
were allowed to vary in only a very restrictive way. It 
is the purpose of the present chapter to discuss these 
models in some detail, giving a partial development of 
each with examples of their application. The predictive 
capabilities of these models, along with the proposed 
model which will be developed in Chapter V, will be compared.
It should be pointed out that even quite recent 
studies of gas-solid reactions assume that the solid 
physical properties do not change during the course of the 
reaction. The development of variable property models 
has occurred only in the ' 70’s and very few applications 
have been reported, probably because of the added 
complexity and the fact that few researchers realize the 
need to consider variable properties.
General Mass Balances
Before discussing the individual model developments, 
it is necessary to introduce the general mass balances 
which serve as a starting point for all gas-solid reaction
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models. As in Chapter I, the gas-solid reaction to be 
considered is:
aA A(g) + ag B(s) -> aQ C(g) + a^ D(s) (II-l)
For the gaseous reactant A, the species continuity 
equation, assuming a spherical pellet of solid reactant B 
and angular symmetry, reduces to:
9 C a  i n  9 C a
«?r> - ^ i F (D.A r2ir»+RA ( I I - 2 )
where: e = particle porosity, dimensionless
= molar concentration of gaseous reactant A, 
moles length-9 
t = time
r = radial coordinate of the spherical pellet, length
D = effective diffusivity of gaseous reactant A, 
eA
length2 time- 1
ItA = molar rate of production of gaseous reactant
A by chemical reaction on a volume basis, moles 
length-3 time-1
This equation assumes that the bulk flow term is negligible, 
a condition which is reasonable if there is equimolar 
counterdiffusion or if the mole fraction of gaseous reactant 
A is very small. Both of these conditions will be satisfied 
in the gas-solid reaction system being studied.
It should also be noted that the binary molecular
diffusivity has been replaced by an effective diffusivity.
The effective diffusivity is designed to account for many
factors, including both Knudsen and molecular diffusion,
the reduction in area for diffusion in the solid, and the
longer paths that the diffusing gas must take because of
the solid pore structure. Methods of evaluating D will
eA
be discussed in Chapter V.
If the molar density of the reactant gas in the pores
of the solid is small with respect to the molar density
of the solid reactant, one can utilize the pseudo-steady-
9CAstate assumption = 0) and simplify equation (II-2) to:
i a dCA —




This assumption has been critically evaluated in the 
literature (1,2,3,4,5) and has been found to cause no 
appreciable error when the solid to gas molar density ratio 
is greater than 1000, a situation realized in most gas- 
solid systems except those operating at extremely high 
pressures. The pseudo-steady-state assumption can certainly 
be applied to the present system.
As there is no flux of material in the solid phase, 
the species continuity equation for the solid reactant B 
reduces to:
dCB -
d r  ■ *. ( I I - 4 )
where: Cn = molar concentration of solid reactant B,JD
moles length-3 
Rg = molar rate of production of solid reactant B 
by chemical reaction on a volume basis, moles 
length-3 time-1 
Rg is related to R^ by the equation:
A
Equations (II-3), (II-4), and (II-5) provide a general 
description for an isothermal gas-solid reaction system 
employing spherical pellets of solid reactant. Further 
development of the equations and determination of the boundary 
conditions depend upon the specific model which is utilized.
In the following sections, the various models which have 
dealt with variable solid properties will be developed and 
discussed. The above equations provide the starting 
point for each development in Chapters I and II, except for 
the single pore model and the pore closure model, which 
are based on other than spherical geometry.
Pore Closure Model
In 1972, Gidaspow (6) introduced a pore closure 
model which accounted for changes in porosity due to the 
effect of the reaction only, i.e., the effect of changing 
molar volumes between solid reactant and product. The 
model assumed that the solid reactant exhibits uniform 
accessibility initially (i.e., behaves according to the
homogeneous model) and that as the reaction proceeds, 
the pores of the solid get larger, smaller, or remain the 
same depending upon the ratio of the molar volumes of 
reactant and product.
The initial development by Gidaspow considered the 
situation where the reaction rate is a constant. In the 
following development, also presented by Gidaspow, con­
sideration will be given only to the situation where the 
reaction rate is first order with respect to gas concentra­
tion, i.e.,
\  - kc “E CA (Ir
where: Rg = mass rate of production of solid reactant B
by chemical reaction on a volume basis, mass
length-3 time-1
k = reaction rate constant, time-1 c
Mg = molecular weight of B, mass moles-1 
C = molar concentration of gaseous reactant A inA
fluid phase, moles length-3
The basis for the analysis is a slab of the solid
material of cross-sectional area A and differential depthcs
Ax (the overall depth is 2L, see Figure II-l). If the 
pseudo-steady-state assumption is valid and there is 
equimolar counterdiffusion, the gas phase material balance 
may be written as (assuming a reaction of the form of 
equation (II-1)):
if E > 1, pores
close up if E < 1, pores open up
gas
Figure II-l, Pore Closure Model
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D e A a 9Y a a a v _
|- (A v ■— ) = - A- ■■ (1 - Y ) (II-7)Acg 9x cs 9x MgC A
where: A = cross-sectional area of slab, lengthcs
x = space coordinate in direction of pores, length 
v = volume fraction of pores in porous solid 
= effective diffusivity of reactant gas A in
ftthe fluid phase of the porous solid, length^
eA
time-1
= mole fraction of gaseous reactant A in fluid 
phase
v = volume fraction of solid reactant B in porous B
solid
Mg = molecular weight of reactant B, mass moles-1 
C = molar density of gas, moles length-3 





n A  X = 0 O
„ -I = 0  (II-9)
3x I* - L
where Y. is the mole fraction of gaseous reactant A in
JrLo
the bulk gas stream and L is the half-thickness of a slab 
of solid, length.
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with the initial condition:
where: t = time
p,, = density of solid reactant B, mass length-3 
15
v_ = initial volume fraction of solid reactant B 
15O
The sum of the volume fractions of the porous solid 
must be 1 , i.e.,
v + vB + vD = 1 (11-12)
where Vg is the volume fraction of solid product D. Thus, 
the void fraction, v, can be written as a function of Vg 
(and, therefore, of x and t) as:
v = (1-E vB - vD ) + (E-l) Vg (11-13)
o o
where v„ and v_. are the initial volume fractions of B and 
15 11O O
D, respectively, in the porous solid. E is an expansion 
factor defined as the ratio of molar densities and stoi­
chiometric coefficients:
E = (II_14)
%  ^  PD
where: Mg = molecular weight of solid product D, mass
moles-1
= density of solid product D, mass length-3 
and the negative sign is necessary to make E a positive 
number.
The solution procedure consists of solving equation 
(II-7) with its boundary conditions, equations (II-8) and 
(II-9) , to get a versus x profile for a given time.
The profile is then used in equation (11-10) to increment 
with respect to time. The new vB versus x profile is usedD
in equation (11-13) to get the new v versus x profile.
Then, the new versus x profile is determined using equa­
tion (II-7) and the entire procedure is repeated. If 
desired, equation (11-10) can be written in terms of 
local fractional conversion, X, by using the relationship:
Vg = vB (1 - X) (11-15)
o
An example of the behavior predicted by this model 
is shown in Figure II-2 which is a plot of void fraction 
versus dimensionless length for various dimensionless 
times for two different situations. Both cases are the 
same except for the initial void fraction, the first one 
having v q = 0.5 and the second having v q = 0.2. The 
expansion factor for both is 1.5 and both are internal 
diffusion controlled (large Thiele modulus). In the first 
case, the solid reactant is ultimately completely converted, 
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Figure II-2. Pore Closure Model - Example of Predicted Behavior UJ
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closing. In case two, the pores close off completely resulting 
in reaction die-off. This points out the necessity of using 
a highly porous solid reactant if the reaction favors pore closing.
Leung and Gidaspow (7) used the pore closure model to 
analyze the reaction of supported ferric oxide with nitrogen 
oxides. Satisfactory results were obtained. In addition, the 
original model was extended to consider reversible reactions and 
an expression for the rate of reaction was developed for the case 
of completely accessible solid reactant. If the initially 
completely accessible reactant became more and more inaccessible 
as reaction proceeded, it was shown that the original equations 
could still be used if they were multiplied by an effectiveness 
factor which was the ratio of the actual reaction rate to 
the completely accessible reaction rate.
Recently, the pore closure model was incorporated into the 
design of fixed bed reactors (8). The system studied was the 
removal of nitric oxide from nitrogen using a coprecipitated 
reduced alumina supported iron oxide. Breakthrough curves were 
developed which compared favorably with experimental results. 
Arastoopour et al. (9) also used this development successfully 
in their study of the reaction of nitric oxide with various 
coprecipitated transition metal oxides in a packed bed reactor.
Single Pore Model
Ramachandran and Smith (10) developed a gas-solid
reaction model which accounted for structural changes due 
to reaction only. The analysis was based upon a single 
cylindrical pore in the solid reactant. A diagram of the 
model is shown in Figure II-3. The assumptions made were:
1) the pore is cylindrical of finite length L and of 
uniform original radius r; 2) each pore has cylindrical 
solid reactant associated with it of overall radius R;
3) there is no radial dependence of reactant gas concentra­
tion in the pore; 4) there is no axial diffusion of reactant 
gas in the product layer, i.e., the reactant gas con­
centration in the solid product layer varies only in the 
radial direction; 5) the chemical reaction is of the form 
of equation (II-l), irreversible, and first order with 
respect to reactant gas concentration and the interfacial 
surface of solid reactant B; 6) the reaction system is 
isothermal; 7) the external mass transfer resistance is 
negligible; 8) the solid reactant is nonporous so that the 
reaction occurs at a sharp interface. This last assumption 
implies that the original solid consists only of macropores.
If the pseudo-steady-state assumption can be made, 
the overall rate of reaction depends on the rate of 
diffusion through the product layer and the rate of 
reaction at the interface. For a differential volume of 
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Ea  = 2k (Ax) Ca + -D A ]'1 (11-16)
eA
where: R. = rate of disappearance of gaseous reactant A,
A
moles time-1 
x = axial distance in pore, length 
C = molar concentration of gaseous reactant A in
A
the pore, moles length-3 
k = surface reaction rate constant, length time-1 
r = radius of pore at t = 0, length
rj = thickness of that part of product layer measured
from initial position of the pore walls to the 
pore wall at any time, length
r2 = thickness of that part of product layer measured
from initial position of the pore walls to 
reaction interface, length 
' = effective diffusivity of reactant gas A within 
product layer, length2 time-1 
A material balance for reactant gas A results in the 
following relationship:
r+r2
Ar ln (r— r")j  dC. <| r
DA d£ I(r̂ ri)2 d T  ] = 2 CA [kCrh^T + D 5 ]e *
A (11-17)
where D is the diffusivity of A in the pores and accounts
A
for both molecular and Knudsen diffusion. Expansion of 
the left hand side of equation (11-17) gives:
41
T+T2
d2cA drl dCA 1 2x1 _T
DA(r-ri)2 dx2~ " 2 (r _ r l) DA d T - j r  = 2CA [k(r+r2) + D ? ]eA
(11-18)
The boundary conditions for equation (11-18) are:
and
dx = 0 (11-20)x = L
where is the molar concentration of the reactant gas in 
o
the bulk gas stream, moles length-3. In most cases, the 
second term on the left of the equality in equation (11-18) 
can be neglected as dri/dx is usually very small (10).
The variations of ri and r2 with time are formulated 
using an expression which equates the rate of product 
formation in terms of ri and r2 with the reaction rate, 
i.e. ,
pn ArD2it —  (1-e) (r+r2) Ax = aD R^ (11-21)
where: e = the porosity of the product layer
r = the total thickness of the product layer, length 
P
(rp = ri + r2)
Hence, by substituting equation (11-16) for R^, one obtains:
r+r2
. “p ca , i , ln (̂ ' ) r i
dt dt dt p (1-e) (rbr2) k(r+r2) D *
D A (11-22)
To complete the model, an additional relationship 
between rj and r2 is necessary. This is obtained by a mass 
balance for solid reactant and product. The relationship 
determined is:
(r- n ) 2 = (l-y)(r+r2)2 + yr2 v (11-23)
where
T _ _ fs ■!» _ ”b__  (11-24)
Thus, y is an expansion factor similar to that presented
by Gidaspow in the pore closure model. Equation (11-23)
is expressed in differential form to facilitate solution
of the model equations:
dri dr2
(r-tl) = (y-1) (r+r2) (11-25)
with the initial conditions:




The local fractional conversion of solid reactant B 
can be expressed as a function of r2 as:
R2 - (r+r2)2
X - 1 - ■ R2 - r2--- <IJ-27)
The overall fractional conversion of the pore is:
, L R2 - (lH-r2)2
x - r  !o [1 - R2 - r2 ■ I dx (II'28>
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The solution procedure consists of solving equations 
(11-18), (11-22), and (11-25) with the appropriate boundary 
and initial conditions. The local and overall fractional 
conversion profiles are determined using equations (11-27) 
and (11-28) .
Successful utilization of the above model depends upon 
the accuracy with which one can estimate the major para­
meters. Some of these estimation methods as suggested 
by Ramachandran and Smith (10) are given below. The 
average pore radius r can be estimated using:
V
r = 2 (11-29)
P
where: = pore volume of the pellet per unit mass,
length3 mass-1
S = surface area of the pellet per unit mass,P
length2 mass-1 
The radius of the solid, R, is given by:
R = r (l/*^ ) (11-30)
where eq is the initial porosity of the pellet.
The pore length L is chosen such that the single pore 
and the overall pellet have the same diffusional characteristics. 
L is estimated using:
L = /FT (11-31)3 f
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where rg is the pellet radius and is the tortuosity 
factor and is estimated from the random pore model (11) as:
The effective diffusivity through the product layer, D *
eA
is also estimated using the random pore model as:
The intrinsic reaction rate constant, k, is determined by 
analysis of experimental initial rate data.
Ramachandran and Smith (10) undertook a parametric 
study to determine the influence of the various parameters 
on the conversion versus time behavior. Figure II-4 shows 
the conversion versus time plots for different values of 
the expansion factor, y, for a case where the internal 
diffusion resistance is important. Just as in the pore 
closure model, expansion factors greater than one may 
result in reaction die-off at reactant solid conversions 
less than 100%. For the particular case shown, an expansion 
factor of 1.5 results in reaction die-off at a fractional 
conversion of 0.4. A relationship between maximum conversion 
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The assumptions made are that the expansion factor is 
greater than one and that the pore exhibits no diffusional 
resistance.
The model predictions were compared with experimental 
data on the reduction of nickel oxide with carbon monoxide 
and the sulfation of calcium carbonate. Figure II-5 
compares the predicted and experimental fractional conversion­
time relationships for the second reaction. The experimental 
data were taken by Hartman and Coughlin (12). The important 
parameters were evaluated using the estimation methods 
discussed above. The effective diffusivity in the product
layer, D ’, was chosen to give the best fit with the 
eA
experimental data. It can be seen that, although a reaction 
die-off is both predicted and observed experimentally, 
the model predicted a faster time-conversion relationship 
than observed experimentally. Sintering was not con­
sidered in the model and this was postulated as an important 
source of error.
Model of Hartman and Coughlin
The remaining models to be considered in the present 
chapter are based upon the grain model, for which the 
equations were presented in Chapter I. The first of these, 
developed by Hartman and Coughlin (13), used the grain 
model as the basis of a variable property model which 
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Figure II-5, Single Pore Model, Comparison of Predicted and Experimental Results -c-
was assumed that the overall spherical solid particle 
consisted of microscopic, highly dense, spherical grains, 
each of which reacts according to the unreacted core 
model, just as in the original grain model. However, 
unlike the grain model, the pore structure of the solid 
particle was allowed to change due to the different molar 
volumes of the solid reactant and product. This variation 
in porosity affects the effective diffusivity in the 
particle. It is important to note, however, that the grain 
radius was assumed to remain constant throughout the 
reaction.
The following assumptions were made in the development
of the model: 1) no external mass transfer resistance;
2) the system is isothermal; 3) the grains are small
enough so that variations in gas concentration on their
surfaces is negligible (an assumption necessary in the
original grain model); 4) the reaction is first order
with respect to reactant gas concentration, is irreversible,
and takes on the form of equation (II-l); 5) the pseudo-
steady-state assumption is applicable; 6) the particle
effective diffusivity is a function of radial position
dD~Abut its radial gradient is negligible (i.e., - =  0).
If such is the case, equation (II-3), the reactant gas 
material balance, can be written as:
with the boundary conditions:
C I = CA (11-36)
' r = r os
and
dC.
A = 0  (11-37)dr r = 0
The solid phase material balance is given in terms of
the variation of the unreacted core radius of the grain,
r ' , with time as: c ’
dr ' a k ' C.c B s A
dt aA V  CB[ 1-----j-?----(1 - rr) 1
(11-38)
eA
with the initial condition:
r ’I = r ’ (11-39)
C 't = 0 S
The local extent of conversion, X, is given by: 
r « 3
X = 1 - (11-40)r 3 s
and the overall extent of conversion, X, by:
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r r * 3
X = / s r2 ( 1  dr (11-41)r 3 o r 3s s
The above equations are identical to the original 
grain model equations except that the effective diffusivity 
is assumed to be a function of radial position within the 
pellet and the external mass transfer resistance is neglected, 
as reflected in equation (11-36). The terms are defined 
just as in Chapter I in the grain model discussion.
The effective diffusivity is assumed to be a function 
of porosity as:
D = Da e (11-42)
eA A
This expression can be obtained from the random pore model 
(11) if the tortuosity factor is assumed to be one. In a 
previous paper (12) , Hartman and Coughlin developed a 
general relation between the local porosity of the reacting 
solid, e, and the local fractional conversion of the solid 
reactant, X:
(l-e)p _  (1-e )p a^ _e ■ 1 - (1-» VB - sf-1 x ̂ V
Q — 1where: V̂, = molar volume of solid reactant B, length3 moles
D
Vp = molar volume of solid product D, length3 moles
The coupled equations (11-35) and (11-38) were solved, 
along with the appropriate boundary and initial conditions, 
by using finite difference approximations. The variations
-1
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in porosity, and thus, effective diffusivity, with respect 
to time and radial position were determined by using the 
local fractional conversion in equation (11-43) and then 
equation (11-42) and were incorporated into the material 
balance equations.
The proposed model was applied to the reaction of
sulfur dioxide and oxygen with limestone. The diffusion
coefficient, D^, for use in equation (11-42) was estimated
by adjusting experimental data taken by Campbell et al.
(14) for the diffusion of carbon dioxide in limestone.
The solid state diffusion coefficient, D 1, was chosen
eA
empirically as the best value to fit experimental data.
The mean grain radius was determined from the broadening 
of X-ray diffraction lines.
Figure II-6 is a plot of overall conversion versus 
exposure time at 850°C for three different particle sizes. 
The model predicts the reaction die-off noted experimentally 
and compares very favorably with the actual reaction 
behavior. This reaction die-off is due to pore closure 
and the resultant drop of the effective diffusivity to 
near zero. Equation (11-43) predicts that the porosity of 
the pellet becomes zero at an overall conversion of 55% for 
this reaction system if the pellet reacts uniformly.
However, in a real situation, the pellet reacts faster near 
the surface and thus the reaction die-off is due to pore 
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Figure II-6, Model of Hartman and Coughlin, Comparison of Predicted
and Experimental Behavior
Model of Ramachandran and Smith
The above models consider structural changes due to 
the effect of reaction only. Ramachandran and Smith (15) 
were the first to consider the effects of both reaction 
and sintering on the solid physical properties. As in 
the study of Hartman and Coughlin, the grain model forms 
the basis for the proposed model.
The overall spherical solid pellet is assumed to con­
sist of microscopic, highly dense, spherical grains, each 
of which individually reacts according to the unreacted- 
core model. A diagram is shown in Figure II-7. As 
reaction proceeds, a layer of porous solid product builds 
up on the grains. The grains expand, contract, or remain 
the sane size due to the difference in molar volumes of 
the solid reactant and product and the phenomenon of 
sintering. These changes affect both the macroporosity and 
the particle effective diffusivity. Sintering results in 
the removal of pore interconnections which can cause a con­
siderable decrease in effective diffusivity.
The reaction to be considered is of the general form 
of equation (II-l). Ramachandran and Smith’s model is 
based upon the following assumptions: 1) the radius of
the spherical pellet does not change; 2) the grains retain 
their initial spherical shape during the course of the 
reaction; 3) sintering affects only the diffusivity in 
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Figure II-7, Model of Ramachandran and Smith
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product layer; 4) only the solid product is subject to 
sintering; 5) the reaction is irreversible and first order 
with respect to gaseous reactant concentration.
The reactant gas material balance, equation (II-3), 
is written as:
D (r) 3a. r ,2 k ' CB C.e. , dC. A c  s B AA d r 2  A. ______________________ o_________________n
dr r dr aA V CB ’ rc’
rs '3 [1- -------------   d - ^ ) ]
eA
(11-44)





k (CA - CA ) (11-45)
r = r A o ss
dr = 0 (11-46)o
A more general formulation would have included
dV r> dCAD (r) (— j---- ) (-z— ) but this term was shown to bee . dr drA
negligible by an order of magnitude analysis. Inherent in 
equation (11-44) is the assumption that the number of 
grains remains constant during the course of the reaction.
The solid phase material balance is written in terms 
of the unreacted core radius of each grain as:
dr ' a k ' C.JB s A
dt " aA V CB
tl _ 2   (1 --£_)]
eA
(11-47)
with the initial condition:
c t = 0
(11-48)
o
The expression for local and overall extent of conversion 
presented previously, equations (11-40) and (11-41) 
respectively, are applicable to the present model. The 
above development parallels that of the original grain 
model except for the allowance of variable effective 
diffusivity. The modifications and extensions are presented 
below.
An expression that gives the grain radius, r ', as as
function of time and radial position can be obtained by 
a mass balance on the product layer of each grain:
where is the porosity of the product layer in each grain. 
The above assumes that the grains are initially nonporous 
and determines grain radius variations only with respect 
to chemical reaction (although sintering affects the 
effective diffusivity which in turn affects and thus
r 1 = [r 13 + y (r ' 3 - r f 3)]1/3 s c s c (11-49)o
where y is the molar volume ratio (expansion factor) defined
as:
%  PB “d (11-50)
V d(1- ed)mb
The random pore model (11) forms the basis of the 
development that gives the effect of structural changes, 
caused by both sintering and reaction, on the effective 
diffusivity in the macropores. For an unsintered porous 
pellet containing only macropores, the effective diffusivity, 
using the random pore model, is given by:
D e
D = —  = Da e2 (11-51)
eA Tf A
where is a composite diffusivity accounting for both 
Knudsen and bulk diffusion and the tortuosity factor, t ,̂ 
is equal to 1/e. Experimental work by Kim and Smith (16) 
has shown that the combined effects of sintering and reaction 
cause a much greater variation in tortuosity factor than 
that assumed above. As a result of their work, it was 
postulated that sintering causes a decrease in porosity 
and removal of some pore interconnections. A correlation 
was developed which gave the fractional increase, g(<}>), in 
as a function of the fraction, <j>, of pores removed due 
to sintering:
g<*> -  ^  CH -52)
where: t^(4>) = tortuosity factor when a fraction, <j), of 
pores are removed 
T^(o) = tortuosity factor for no pores removed 
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Figure II-8, Correlation of Tortuosity Factor
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The porosity change due to chemical reaction only (a
function of r ') is given by: s
IT *
= (-§-,) 3 (11-53)1-e r ' o so
where e * is the hypothetical porosity considering only 
changes due to chemical reaction (no sintering). The 
actual porosity (including the effect of sintering) is 
then:
e « e*(l - 4>) (11-54)
From equation (11-52), therefore, the actual tortuosity 
factor is given by:
( I I - 5 5 )
The macropore effective diffusivity, from equations (11-51),
(11-53), and (11-55), can be written as:
D r ’
D =T7TT {1 " <1~£J  (1 “4>)2 (11-56)eA 8'^ ° rso
This relationship predicts the changes in effective diffusivity 
due to structural changes caused by both reaction and 
sintering. The variation of <f> with time is assumed to be 
first order and is given as an Arrhenius relationship:
£  - ( 1 . «  * . - y « T - y  (11-57,at $
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where: A, = frequency factor (sintering rate constant),<P
time-1
E = activation energy for sintering, energy moles” 1 s
R = gas constant, energy moles” 1 temperature”1 
T = temperature of the system 
Tc = characteristic temperature corresponding to 
the onset of sintering (Tamman temperature) 
Ramachandran and Smith (15) also developed an energy 
balance for the solid pellet to account for situations in 
which isothermal conditions cannot be assumed.
The solution procedure consisted of first solving 
equation (11-44), along with equation (11-56), for the 
radial concentration profile, and then incrementing in 
time by solving equations (11-47) and (11-57). The process 
was repeated for successive time increments. Equation (11-49) 
was used to determine the grain radius as a function of time 
and radial position.
No estimation methods were presented for the various 
parameters of the model. To illustrate the characteristics 
of the model, the parameters were chosen arbitrarily.
Figure II-9 is a plot of conversion versus time for several 
values of the expansion factor, y, for an arbitrary situation 
in which sintering is unimportant. One can see that values 
of y greater than one result in longer times to reach a 
given conversion than those less than one. Also, values 
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Figure II-9. Model of Ramachandran and Smith. Effect of Varying
y for Negligible Sintering Situation
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noted in the other models. A value of y of 2.5 results 
in reaction die-off at a conversion of just over 20%.
Figure 11-10 shows the effect of sintering on the 
conversion versus time behavior. As expected, sintering 
inhibits the reaction so that it takes a longer time to 
reach a given conversion. The example plotted here is one 
in which the expansion factor is less than one so that 
the reaction tends to increase porosity, while sintering 
tends to decrease it. If sintering is important, reaction 
die-off may be noted even if the expansion factor is less 
than one (15).
Figure 11-11 compares the conversion versus time 
behavior predicted by the model for the hydrofluorination 
of uranium dioxide to that measured experimentally. The 
model predicts very well the experimental behavior. It 
is important to note, however, that the model parameters 
were chosen to give the best fit of the experimental data 
and that changes due to sintering were ignored in this 
particular case as they were thought to be negligible.
Modified Grain Model of Ranade and Harrison
Ranade and Harrison (17) also modified the grain model 
to account for structural changes due to both reaction 
and sintering. A diagram of the modified grain model is 
presented in Figure 11-12. The porous spherical pellet 
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Figure 11-10, Model of Ramachandran and Smith, Effect of Sintering
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Figure 11-12, Modified Grain Model of Ranade and Harrison
highly dense, spherical grains of uniform size, each of 
which reacts according to the unreacted-core model. As 
reaction proceeds, the individual grains expand or contract 
in size due to the different molar volumes of solid reactant 
and product. Also, because of sintering, adjacent grains 
combine to give larger grains so that the large number 
of small grains is replaced by a smaller number of larger 
grains. For mathematical simplicity, the unreacted cores 
of the new larger grains are assumed to remain at the grain 
centers. The case shown in the diagram is one in which 
both sintering and reaction result in grain growth. In 
such a situation, the grains will be larger near the 
particle surface because of higher conversion there. Also, 
the unreacted core radius of some grains may initially 
increase due to sintering. This is in marked contrast to 
the standard grain model, in which the unreacted core radius 
decreases monotonically throughout the course of reaction.
The grain model equations take on the same general form 
as presented in the previous section (equations (11-44) to 
(11-48)), except that the grain radius is not assumed to 
be constant at its initial value as in equation (11-44) 
and the particle effective diffusivity is a function of 
time only. It is assumed that sintering and reaction cause 
variations in the grain radius, grain density, particle 
effective diffusivity, and particle porosity. Each of these 
variations is related to the specific surface area, a
parameter which can be easily measured. For a non-reacting, 
sintering solid, Nicholson (18) has expressed the variation 
in specific surface area with time according to the equation:
A(t)-A _k
A— T ~a = e J (11-58)
o e
where: A(t) = specific surface area of solid at time t,
length2 mass-1 
Ae = equilibrium specific surface area of solid, 
length2 mass-1 
Aq = initial specific surface area of solid, 
length2 mass-1 
k_. = sintering rate constant, time-1
Ranade and Harrison (17) determined that the variation 
of specific surface area with respect to conversion at 
conditions where sintering is unimportant can be correlated 
by an equation of the form:
A(X)-A
AR “ AP
P = (1 - X)a (11-59)
where: A(X) = specific surface area of reacting, nonsintering
solid at fractional conversion of solid 
reactant, X, length2 mass-1 
Ap = specific surface area of solid product, length 
mass- 1
Ap = specific surface area of solid reactant, 
length2 mass-1
68
a = empirical constant 
These two equations are combined into a general expression 
which accounts for changes due to both sintering and 
reaction:
A(X,t) - A_(t)
igoo= ( 1 ~ x )  ( I I " 6 0 )
where: A(X, t) = specific surface area of reacting, sintering
solid, length2 mass-1 
Ap(t) = specific surface area of sintering, solid 
product, obtained from equation (11-58), 
length2 mass-1 
AD(t) = specific surface area of sintering, solid 
reactant, obtained from equation (11-58), 
length2 mass-1
The variations in specific surface area were incorporated 
into the grain model as variations in grain radius using 
the correlation of Wen presented in Chapter I (equation 
(1-17)).
The pellet effective diffusivity was determined using 
the random pore model as in the previous development, 
equation (11-51). The pellet porosity was assumed to be 
a linear function of the overall fractional conversion, X:
e = eR + (ep - eR) X (11-61)
where: e = porosity of the solid reactantK
£p = porosity of the solid product 
The grain density was assumed to be a linear function of 
local fractional conversion, X:
p = pR + (pp - pR) X (11-62)
where: p = grain density, mass length-3
p = density of solid reactant, mass length-3 
pp = density of solid product, mass length-3
The above equations, along with the material balance 
equations for reactant gas and solid, were solved numerically 
to predict reaction system behavior.
One of the important features of this model is its 
ability to predict reaction "die-off" without forcing the 
particle porosity to approach zero. Figure 11-13 compares 
the conversion versus time behavior of the standard 
grain model and the modified grain model for a situation 
where internal diffusion is the rate-controlling mechanism.
It can be seen that as the sintering rate increases, the 
reaction dies off. A parametric study pointed out the 
importance of grain diffusion resistance as a possible cause 
of reaction "dic-cff/'
The modified grain model predictions were compared to 
experimental data for the reaction of ZnO(s) with H2S(g) 
to form ZnS(s) and H20(g) (19). Figure 11-14 shows that the 
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Figure 11-14. Comparison of Predictions of Grain Model and Modified Grain Model to Experimental Data
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than the original grain model.
Other Models
Other studies which have considered solid property 
changes have accounted only for those changes due to the 
chemical reaction. Howard et al. (20) developed a gas- 
solid reaction model which takes two forms: the first
employs "effective" values for the grain size and specific 
surface area of the solid which remain constant during 
reaction but are chosen to account for changes resulting 
from the accumulation of reaction product; the second assumes 
that the local values of porosity, specific surface area, 
and grain size vary with conversion according to the molar 
volume difference between solid reactant and product. The 
first version of the model compared better with actual 
reaction behavior over the entire range of conditions 
of interest than the second. The system analyzed was the 
reaction between gaseous sulfur dioxide and limestone.
Sintering was not considered and the reaction model parameters 
were chosen to fit the data rather than evaluated independently.
Fan et al. (21) used the homogeneous model as the basis 
for a study of isothermal gas-solid reaction systems for 
which the conversion versus time plot exhibits a sigmoidal 
curve. The model considered variations of the solid 
porosity and effective diffusivity as functions of the 
fractional conversion of solid reactant. The model predictions
compared favorably with experimental data for the reduction 
of magnetite by carbon monoxide.
Summary
Table II-I lists the major characteristics of the 
gas-solid reaction models detailed in the present chapter. 
Except for the studies of Ramachandran and Smith (15) 
and Ranade and Harrison (17), no gas-solid reaction 
modelling effort has considered solid property variations 
due to both reaction and sintering. Only Ramachandran 
and Smith (15) have attempted a nonisothermal analysis. 
Chapter V will present a general development which 
includes the effects of both reaction and sintering.
TABLE II-I






Consideration of Structural 
Changes Due to 
Chemical Reaction______
Yes
Consideration of Structural 






























of Uranium Dioxide 
(No Sintering)
Ranade & Harrison/ Grain Model Yes Yes Reaction of Zinc











(1) Bischoff, K. B., Chemical Engineering Science, JL8, 711 
(1963).
(2) Bowen, J. R., Chemical Engineering Science, 2D, 712 (1965).
(3) Bischoff, K. B., Chemical Engineering Science, ^0, 783 
(1965).
(4) Luss, D. and N. Amundsen, Canadian Journal of Chemical 
Engineering, _46 (6) , 154 (1968) .
(5) Wen, C. Y., Industrial and Engineering Chemistry, 60(9) ,
34 (1968).
(6) Gidaspow, D., in Recent Developments in Separation Science, 
Vol. II, edited by N. N. Li, Chemical Rubber Company, 
Cleveland, 1972.
(7) Leung, L. and D. Gidaspow, A. I. Ch. E. Journal, 20_, 840 
(1974).
(8) Gidaspow, D., D. Dharia, and L. Leung, Chemical Engineering
Science, _31, 337 (1976).
(9) Arastoopour, H., H. Hariri, and D. Gidaspow, Paper presented
at A. I. Ch. E. Houston Meeting, March 20-24, 1977, in 
session on Fluid-Solid Noncatalytic Reactions chaired by
M. P. Dudukovic.
(10) Ramachandran, P. A. and J. M. Smith, A. I. Ch. E. Journal, 
23, 353 (1977).
(11) Wakao, N. and J. M. Smith, Chemical Engineering Science, 17,
825 (1962).
76
(12) Hartman, M. and R. W. Coughlin, Industrial and Engineering 
Chemistry, Process Design and Development, 13, 248 (1974).
(13) Hartman, M. and R. W. Coughlin, A. I. Ch. E. Journal, 22,
490 (1976).
(14) Campbell, F. R., A. W. D. Hills, and A. Paulin, Chemical 
Engineering Science, Z5, 929 (1970).
(15) Ramachandran, P. A. and J. M. Smith, Chemical Engineering 
Journal (Lausanne), JL4, 137 (1977).
(16) Kim, K. K. and J. M. Smith, A. I. Ch. E. Journal, 20,
670 (1974).
(17) Ranade, P. V. and D. P. Harrison, Chemical Engineering 
Science, _34, 427 (1979).
(18) Nicholson, D., Transactions of the Faraday Society, 6>1
(509, part 5), 990 (1965).
(19) Ranade, P. V., Ph.D. Dissertation, Louisiana State
University, Department of Chemical Engineering, May, 1977.
(20) Howard, J. B., G. C. Williams, and F. P. H. Ghazal,
Final Report on Task No. 2 of HEW-NAPCA Services Control 
No. CPA-22-69-44, Massachusetts Institute of Technology, 
November, 1970.
(21) Fan, L. S., K. Mujanami, and L. T. Fan, Chemical Engineering 
Journal (Lausanne), 13, 13 (1977).
CHAPTER III
TECHNIQUES AND APPARATUS OF EXPERIMENTATION
In keeping with the introductory nature of the preceding 
chapters, the present chapter will explain the procedures and 
apparatus used in the experimental portion of the study.
As discussed in Chapter I, the experimental work has a two­
fold purpose: first, to measure and correlate the varia­
tions of solid physical properties with time, temperature, and 
extent of conversion, and, second, to determine the kinetic 
parameters and follow reaction progress with time of the 
test reaction:
MnO(s) + H2S(g) -> MnS(s) + H20(g) (1—18)
The chapter begins with a description of the equipment and 
procedures used to measure solid physical property variations. 
A brief discussion of procedures and apparatus for the kinetic 
study follows. Concluding the chapter is a description of 
the materials vised in both studies. As the development of 
a method of preparing manganous oxide in a form suitable for 
the experimental program posed special problems, a section 
will be devoted to a discussion of this method.
Measurement of Solid Physical Property Variations
In this phase of the experimental program, the purpose 
was to obtain the specific surface areas of manganous oxide 
(MnO) spherical pellets as a function of temperature, time
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of exposure to hydrogen sulfide (H2S), and extent of conversion 
to manganese sulfide (MnS). This information would then be 
used as the basis of a study of solid physical property varia­
tions and the correlation of such variations. It was very 
important that the time of exposure at a given temperature be 
closely monitored so that accurate correlations could be 
obtained. Therefore, it was necessary to design a system 
such that the sample, originally at room temperature, could 
be quickly exposed to the desired temperature and then 
quickly removed from that exposure.
Furnace for sintering and conversion runs. Manganous 
oxide samples were sintered at several temperatures for 
various time periods in a Lindberg Hevi-Duty 54000 Series 
Single Zone Tube Furnace having a temperature range of 
approximately 300 to 1200°C. A schematic of the furnace with 
specially designed sample tube is shown in Figure III-l.
The flanged section facilitated placing samples into and 
taking them from the furnace. The movable rod allowed the 
sample to be held above the heated zone until the gas flows 
had equilibrated and the temperature of the furnace had 
reached a constant value. Once the furnace reached thermal 
equilibrium (usually 1 to 1.5 hours after commencing heat- 
up), the sample was plunged into the heated zone and main­
tained there as long as desired. At the end of the desired 
time, the sample was rapidly pulled above the heated zone 
where it cooled to room temperature much faster than the
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Figure III-l. Furnace for Sintering and Conversion Runs
overall furnace. The sample was removed from the tube by 
disconnecting the flanged section.
The furnace tube, constructed of 316 stainless steel, 
was approximately 70 cm long with an inside diameter of 20 
mm and an outside diameter of 26 mm. The flanged section had 
a length of 21 cm. Also constructed of 316 stainless steel, 
the movable rod was about 63 cm long and had a diameter of 
approximately 5 mm. The hollowed-out rod had a chromel- 
alumel thermocouple in its center which was connected to a 
Leeds and Northrup Millivolt Potentiometer to monitor the 
temperature in the furnace heated zone. The furnace itself 
was equipped with a Platinel II thermocouple which monitored 
the temperature for the solid state digital temperature 
controller. However, deviations of at least 100°C were 
noted between the set point of the furnace and the tempera­
ture as noted by the chrome1-alumel thermocouple in the rod. 
These deviations were possibly due to some corrosion of the 
Platinel II thermocouple (the set point was always the 
higher of the two readings). Thus, the temperature noted by 
the rod thermocouple was taken to be the correct one.
The sample to be sintered or reacted was placed in a 
wire mesh basket of 316 stainless steel (40 mesh) and was 
suspended from the movable rod using 28 gauge chromel wire.
The basket length was 6.5 cm and its diameter was approximately 
1.4 cm. It was designed to hold about 4 grams of MnO pellets 
having diameters of approximately 0.3 to 0.6 cm and was
fitted with 316 stainless steel rings at top and bottom to 
insure that it was centered in the furnace tube. The atmos­
phere for sintering runs consisted of nitrogen which was fed 
through a precalibrated Matheson tube 602 rotameter and 
entered the furnace tube through a port in the flanged section.
The furnace system was also used in some situations to 
react manganous oxide and hydrogen sulfide. The reactive 
gas (H2S) passed through a precalibrated Matheson tube 600 
rotameter and was introduced to the furnace tube through 
a port below the flanged section so that, prior to the start 
of reaction, the sample was above the reactive gas port. A 
procedure similar to that described above for the sintering 
runs was used. The sample was kept above the heated zone 
and reactive gas port until the gas flows and furnace 
temperature had equilibrated and then it was exposed to the 
gas stream (consisting of H2S and N2) in the heated zone 
for as long as desired. The extent of conversion was 
determined by accurately weighing the sample before and after 
reaction on a Mettler H10 balance.
Measurement of specific surface area. The specific 
surface areas of the sintered and reacted pellets were 
determined by utilizing a Perkin-Elmer Model 212D Sorptometer. 
This instrument utilized the continuous flow method, 
introduced and described by Nelsen and Eggertsen (1). The 
major advantage of this method was that it allowed rapid 
surface area determination with much simpler instrumentation (2).
82
Details of the operation of the sorptometer and the 
procedures used in surface area determination can be found 
in Perkin-Elmer manuals (2,3). Only a brief description 
will be given here.
A schematic diagram of the apparatus is shown in 
Figure III-2. Both the adsorbate (nitrogen) and carrier gas 
(helium) entered the instrument through driers and their 
flow rates were regulated by pressure regulators. The two 
gas flows were combined to give a mixture of known composi­
tion which flowed through a cold trap (liquid nitrogen 
bath) to remove any impurities and then through a heat 
exchanger and the reference side of a thermal conductivity 
cell (four tungsten filaments arranged in a Wheatstone 
bridge). Both the heat exchanger and the thermal con­
ductivity cell block were contained in a constant temperature 
bath of n-propanol. The gas mixture then passed over the 
sample which was contained in a glass sample tube immersed 
in a liquid nitrogen bath. The sample adsorbed nitrogen, 
thus reducing the concentration of nitrogen in the mixture. 
The remaining gas mixture then passed through another heat 
exchanger and through the sensing side of the thermal 
conductivity cell where the change in concentration was 
noted as a voltage signal which was recorded as a peak on a 
Leeds and Northrup Speedomax XL 610 Series Recorder. The 
area of the peak, measured by a Series 200 Disc Integrator, 
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Figure III-2, Schematic Diagram of Model 212D Sorptometer
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When adsorption equilibrium was reached, the gas con­
centrations on both sides of the thermal conductivity cell 
were again equal and the recorder pen returned to the base 
point. Then the liquid nitrogen bath was removed from the 
sample tube and, as the sample warmed to room temperature, 
the nitrogen began to desorb. The increasing nitrogen con­
centration through the sensing side caused a voltage output 
(of the opposite polarity) from the thermal conductivity 
cell and a second peak on the recorder. The system was 
calibrated following each adsorption-desorption test by 
injecting a known volume of nitrogen into the sensing side 
of the thermal conductivity cell.
Comparison of the areas of the desorption peak and the 
calibration peak allowed one to determine the volume of 
nitrogen adsorbed by the sample. The desorption peak, 
rather than the adsorption peak, was used for three reasons: 
(a) it was usually more symmetrical; (b) it had the same 
polarity as the calibration peak; (c) the conditions of 
desorption and calibration were more closely related in that 
both resulted in a nitrogen concentration increase while 
adsorption decreased the nitrogen concentration and the 
overall gas flow.
The above procedure was carried out for three gas 
mixtures (partial pressure of nitrogen between 0.05 and 0.30) 
and the surface area was determined using the three-point 
BET method (4), which related volume of nitrogen adsorbed to
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surface area.
For the present purpose, the BET equation was written
as:
 2----  = J-Z-L £_ + —L- (III-l)V . (p -p) V c p + V c  ̂ 1 'ads ro m o  m
where: p = partial pressure of nitrogen, force length-2
Pq = saturation pressure of nitrogen over the solid
sample at the temperature of the liquid nitrogen 
bath, force length-2
V , = total volume at standard temperature and pressure
ads
of nitrogen on the surface of the solid sample, 
length3
c = constant expressing the net adsorption energy
V = volume at standard temperature and pressure of m
nitrogen adsorbed when the entire adsorbent 
surface is covered with a monomolecular layer, 
length3
The parameters and c were constant for a given system.
Thus, for a given set of data, a plot of —— r versus
ads Po p
■E— yielded a straight line with slope, a, given by:
Po
a = ipi (III-2)V c m
and intercept, 3, given by:
8 = r r - (III-3)V c m
From the definitions of a and g, it followed that:
V = (III-4)m a+g
In the present application, the best straight line through
the three data points taken in any specific experiment was
found by using the linear least squares method.
Once V was known, the total surface area of the sample m
was determined from:
S t  =  vm (III-5)I m o
nwhere: = the total surface area of the sample, length^
S = the cross-sectional area covered by a monolayer o
of nitrogen per unit volume at standard tempera­
ture and pressure, length2 length-3 
In the present work, the saturation pressure of nitrogen was
assumed constant at 101.3 kPa so that S was constant ato
4.3721 m2/ml (STP) . The specific surface area was then 
given by:
S_ V (4.3721)
s -  TT ‘  “ “ “ m ----------------------------  ( I I I ‘ 6)
where: S = specific surface area of sample, m2/g
M = mass of sample, g
V = ml (STP) m
An example BET plot for a typical run from the present 
work is given in Figure III-3. In this case, MhO pellets 
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Figure III-3. Sample BET Plot
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The resulting straight line had a slope of 0.870 and an 
intercept of 0.0580. Therefore, from equation (III-4):
The total surface area was:
As the sample weight was 1.854 g, the specific surface area 
was:
For each sintered or reacted sample, a minimum of two surface 
area determinations was made with a reproducibility of + 10%. 
Each of the samples was degassed prior to surface area 
determination by exposure to flowing inert (helium) at 110°C 
for a minimum of 12 hours.
Porosity estimation. The porosity of each sintered or 
reacted sample was estimated by averaging the porosities of 
several randomly picked individual pellets determined from:
eP
where: = pellet porosity
pp = pellet density, mass length-3
Pt - actual density of material of which the pellet
is composed, mass length-3
The volume of an individual pellet was estimated by assuming 
that the pellet was exactly spherical and using the average 
of four randomly measured diameters (using an Ames thickness 
measure which allowed readings to the nearest ten thousandth 
of an inch). The mass of an individual pellet was measured 
on the Mattier H10 balance, allowing measurements to the 
nearest ten thousandth of a gram.
Determination of Kinetic Parameters and Monitoring of Test 
Reaction
All kinetic determinations were made using a modified 
Columbia Scientific Instruments Model 1000B Thermogravimetric 
Analysis Instrument. The system allowed one to monitor the 
weight change in a solid as the reaction occurred. As the 
conversion of MnO to MnS resulted in an increase in mass, 
the weight increase noted during reaction was directly 
proportional to the overall fractional conversion of the 
solid reactant and the rate of weight increase was directly 
proportional to the reaction rate.
A schematic of the thermobalance apparatus is shown in 
Figure III-4. The major components of the system are rota­
meters for measurement of gas flow rates, a Cahn RG Electro­
balance for mass measurement, a furnace controlled by a CSI 
temperature programmer, and a Hewlett-Packard strip chart 
recorder for recording both mass and temperature. Specifica­
tions for these and other components of the system are given
















Figure III-4, Thermobalance Apparatus
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in Table III-I. Major modifications to the system were 
discussed in detail by Gibson (5) and other details of the 
apparatus can be found in the instruction manuals (6,7,8,9).
The system was designed so that the balance mechanism 
was exposed only to inert nitrogen to insure that the 
corrosive reactive gases did not affect it. A Teflon baffle 
was placed below the balance mechanism to minimize back 
diffusion of the reactive gases. The nitrogen flowed through 
the baffle and was joined by the reactive gases, which 
entered in a side port above the reactor furnace. Hydrogen 
was fed with the reactive gas, H2S, in a 5 to 1 molar 
ratio to simulate the reducing atmosphere of a coal gasifica­
tion producer gas and to minimize thermal decomposition of H2S.
The entire gas stream, consisting of nitrogen, hydrogen, 
and hydrogen sulfide, flowed over the solid reactant which 
was suspended inside the reaction tube in the middle of the 
furnace by a nichrome hangdown wire connected to the 
electrobalance. As reaction proceeded, the weight change 
was noted by the electrobalance and recorded on the recorder. 
After leaving the reactor, the gas stream was vented through 
a laboratory hood. For runs which employed a powdered sample, 
the sample was placed in a 9 mm diameter platinum pan which 
was hooked to the nichrome wire. Runs which utilized 
spherical pellets of MnO made use of a wire cage of 28 gauge 




TGA: Columbia Scientific Industries Model 1000B, P500
Temperature Programmer: Isothermal or 1°, 2.5°, 5°,
10°, 50° increase or decrease.
Thermocouple: Chromel-alumel, 316 stainless steel sheath
with grounded junction.
Reactor: Quartz tube, 17 mm inside diameter, 250 mm length;
water cooled electric furnace.
Balance: Cahn RG Electrobalance
Maximum weight change: 1000 milligrams
Ultimate sensitivity: 0.1 microgram
Precision: 0.2 micrograms
Strip-Chart Recorder: Hewlett-Packard Model H45-7100B frame
with Model 17504A input module/dual 
channels
Chart Speeds: 2 in/sec to 1 in/hr
Chart Span: 5-10 millivolts weight,
0°-1000°C type K thermocouple




Monitoring of the temperature in the reactor was 
accomplished by three thermocouples located immediately below 
the solid sample. A recent modification of the system by 
Reibert (10) was the addition of a thermocouple positioner, 
which allowed one to reproducibly place the thermocouple 
below the sample in the middle of the reactor tube with no 
danger of movement during a run. The first thermocouple 
was connected to a limit switch, which prevented the furnace 
from heating above a pre-set temperature; the second was 
connected to the temperature programmer, which controlled 
the temperature in the reactor; the third was connected to 
the recorder. Close agreement was noted between the set 
point temperature and that shown on the recorder, but both 
varied significantly from the actual temperature as measured 
by a separate thermocouple and a thermometer. Thus, the 
set-point temperature of the temperature programmer was 
calibrated to the actual temperature. This calibrated set- 
point temperature was taken as the true temperature of any 
particular run.
The experimental procedure used with the TGA has been 
detailed by Gibson (5) and can be found in the instruction 
manual (6) so that only a brief description follows. At the 
beginning of each run, it was necessary to re-calibrate the 
electrobalance to insure accuracy. Then a solid sample was 
chosen for the run and its approximate mass was measured 
on the Mettler balance. If the sample was a spherical pellet,
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its diameter was taken as the average of four random 
diameters measured with an Ames thickness measure.
The sample was then suspended from the hangdown wire 
and its true mass was measured on the electrobalance to the 
nearest one hundredth of a milligram, The reactor tube was 
then sealed and flushed with nitrogen for a minimum of one 
hour. In the meantime, the flow rates for hydrogen and H2S 
were set and allowed to stabilize while bypassing the reactor 
and venting directly to the laboratory hood. When flushing 
was completed, the temperature setting for the desired 
temperature (obtained from the calibration) was dialed 
in on the temperature programmer and the reactor heated up 
to that temperature. After thermal equilibrium was established 
(usually 4 to 5 minutes), the reactive gases were switched 
to the reactor and, after a short delay time, the reaction 
began.
A typical output from a TGA run is shown in Figure III-5. 
The delay time (period between switching the reactive gases 
to the reactor and the actual start of the reaction) usually 
lasted 15 to 30 seconds. It represented the time required 
for the reactive gases to enter the reactor tube and begin 
flowing over and reacting with the sample. The actual start 
of the reaction was always obvious from the recorder trace 
and this was taken as time zero. The weight change as 
recorded was taken as a change from the true initial mass 













Figure III-5, Typical Thermobalance Response Curve
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dynamic drag prevented the direct reading of weight change 
as a function of time from the recorder trace. These offsets 
were discussed in detail by Gibson (5).
The experimental run was ended when weight change ceased 
or when some predetermined point, dictated by the purpose of 
that particular experiment, was reached. At the end of a 
run, the temperature programmer was switched to "standby," 
thus allowing the reactor to cool, and the reactive gases 
were switched to bypass the reactor into the vent. The 
reactive gas flows were then stopped and the entire TGA 
system was flushed with nitrogen until room temperature 
was achieved. At that time, the solid sample was removed 
and, if desired, preparations for a new experiment were begun. 
The balance mechanism and reaction tube were continuously 
purged between runs with a small nitrogen flow.
X-ray Diffraction Analysis
X-ray diffraction analysis was used to verify that the 
reactant used in the experimental runs was essentially 
pure manganous oxide and that the solid product of reaction 
was manganese sulfide. A Phillips Electronic Instruments 
X-ray diffractometer, with copper K-alpha radiation, was 
used to measure Bragg angles of crystalline phases present in 
the sample. The starting material for the experimental study 
exhibited major d-spacings of 1.57, 2.22, and 2.56 X, thus 
confirming that it was pure MnO. The end product of the
reaction of MnO with H2S had major d-spacings of 1.51, 1.84,
Oand 2.61 A, corresponding to pure a-MnS.
Manganous Oxide Preparation
The conditions of a producer gas from a coal gasification 
process are such that the only stable oxide of manganese is 
manganous oxide. Thus, any oxide of manganese could be 
used as a starting material for the experimental program as 
it would be reduced to MnO by the experimental reaction 
gas mixture which simulated a producer gas. However, as one 
of the major goals of the research was to monitor the 
properties of the solid reactant as reaction proceeded, it 
was necessary that the starting material for the entire 
experimental program be the actual reacting solid, i.e., MnO, 
so that the essential studies could be made.
It was desired that the manganous oxide to be used in 
the experimental study be in the form of spherical pellets 
of diameters approximately 0.3 to 0.65 cm and of sufficiently 
high surface area so that the reaction with H2S would be 
enhanced. A secondary reason for high initial surface area 
was so that the variations in surface area as sintering 
proceeded could be easily measured by the sorptometer, which 
was not effective if the specific surface area of the sample 
was much less than 0.5 m2/g. It was decided arbitrarily 
that an initial specific surface area of 10 m2/g was 
necessary to achieve the above purposes. The problem of pre­
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paring manganous oxide in such a form proved to be a 
formidable one. Two major possibilities existed— to obtain 
such a product commercially, or to prepare it in the 
laboratory. The following describes the major attempts made 
in both areas and, in detail, the method finally chosen.
The only commercial source of spherical pellets of 
pure MnO of the proper size was Diamond Shamrock Chemical 
Company, Chemetals Division. However, the surface area of 
these pellets proved to be prohibitively low, approximately 
0.70 m2/g. MnO powder was obtained from two sources—
Diamond Shamrock and Union Carbide Corporation, Mining and 
Metals Division. The possibility of forming pellets by 
compression of these powders was dismissed after their 
surface area;,, also, were measured and turned out to be low 
(1.51 m2/g for Diamond Shamrock powder, 2.90 m2/g for Union 
Carbide powder).
Diamond Shamrock also provided spherical pellets of 
Mn0 2- Although their initial surface area was low (0.80 
m2/g), it was thought that reduction to MhO using hydrogen 
might increase the surface area sufficiently for the present 
purpose. However, after exhaustive attempts using different 
temperatures, times, and hydrogen concentrations, the surface 
area of these pellets could be increased to only 4.70 m2/g. 
Manganese dioxide powder purchased from Mallinckrodt had a 
specific area of only 0.30 m2/g so the possibility of com­
pressing it into pellets followed by hydrogen reduction was
eliminated.
Manganous oxide could not be precipitated directly from 
solution by any chemical means so the next series of attempts 
centered around precipitating a substance which could be 
reduced to MnO and forming spheres from the precipitate.
An extensive literature survey resulted in several methods 
that could result in manganous oxide formation. The first 
one tried in this laboratory was an adaption of a method by 
Senseman and Stubbs (11), in which manganese dioxide (Mn02) 
was precipitated from the combination of a solution of 
formaldehyde, sodium carbonate, and potassium permanganate 
solution. The precipitate was formed into pellets which were 
reduced with hydrogen. However, the MnO pellets so produced 
were very delicate and the maximum specific surface area 
attained using this method was only 5.35 m2/g. Other methods 
which involved the reduction of Mn02 precipitate with H2 
were not attempted because the above problem was also 
anticipated.
The next attempt involved the precipitation of Mn(0H)2 
from manganous chloride (MnCl2) and sodium hydroxide solutions, 
adapted from Partington (12). It was hoped that drying the 
precipitate at room temperature in air would result in MnO 
formation. However, X-ray diffraction proved that the 
product of such drying was MnsOt*. An article by Moore et al.
(13) verified this conclusion. Attempts to reduce the Mn30i* 
pellets with hydrogen resulted in the same types of problems
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as mentioned above for Mn02 reduction.
The method finally adopted for producing MnO pellets 
in the desired form was based on the calcination of manganese 
carbonate (M1CO3) to MnO.
Several references in the literature pointed to the 
thermal decomposition of manganese carbonate (MnC0 3) as a 
means of producing MnO (12,13,14,15,16). Therefore, M1CO3 
was precipitated by combining manganous dichloride solution 
and sodium bicarbonate solution, a method discussed by 
Schulek and Pungor (17). The reaction can be written as:
MnCl2 + 2NaHC03 -* MnC03 + 2NaCl + H20 + C02 (III-8)
The manganous dichloride solution consisted of 40 grams of 
MnCl2 • 4 H20 (99.1% pure, J. T. Baker) dissolved in 100 ml 
of water; the sodium bicarbonate solution consisted of 20 
grams of reagent grade NaHC03 (> 99.7% pure, Matheson, Coleman, 
and Bell) dissolved in 400 ml of water. Precipitated MnC03 
(in the form MnC03 • 2 H20) was washed several times with 
distilled water by decantation and was formed into spherical 
pellets which were dried under flowing helium for 72 hours 
at 110°C. This resulted in removal of the water of hydration
(17).
The MnC03 pellets were then calcined for 1 hour at 
520°C in a flowing stream of inert nitrogen. It was 
possible to decompose the pellets to MnO at lower tempera­
tures (400°C) and/or shorter periods of time (0.5 hours)
but the resulting MnO tended to oxidize spontaneously upon 
exposure to air at room temperature. This was thought to 
be due to the higher surface area of samples so treated. 
Therefore, 520°C and one hour were selected, as the spontaneous 
oxidation problems were eliminated and the product possessed 
suitable properties. These impressions were confirmed by 
Moore et al. (13) who stated that MnO produced by calcination 
of MnC0 3 above 500°C tended to be stable upon exposure to 
air at room temperature but tended to readily oxidize if 
calcined below 500°C.
After calcination, the resulting MnO pellets (verified 
by X-ray diffraction) had an average specific surface area 
of 13.25 m2/g. Dried pellets were stored before and after 
calcination in a vacuum dessicator to prevent any minor 
oxidation. The reproducibility of the surface area of the 
MnO pellets produced this way was very good. Determinations 
made over the period of a year showed a low of 12.12 m2/g 
and a high of 14.19 m2/g, with the average as given above.
Other Materials
Helium (99.99%), hydrogen (99.95%), and nitrogen (99.99%) 
were obtained from the Plant Stores Department of Louisiana 
State University. Hydrogen sulfide, chemical grade (99.6% H2S), 
was purchased from Matheson Gas Products Company. The typical 
contaminants of chemical grade H2S are trace amounts of 
propylene, propane, nitrogen, oxygen, water, and dimethyl
sulfide (18) .
All chemicals used in the preparation of MhO were 
obtained from the Science Supply Store of Louisiana State 
University. Liquid nitrogen for use with the sorptometer 
was obtained from the LSU Physics Department.
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CHAPTER IV
CORRELATION OF SOLID PHYSICAL PROPERTY VARIATIONS
Discussions in Chapters I and II have pointed to the 
importance of considering solid physical property variations 
in the modelling of noncatalytic gas-solid reaction systems.
The present chapter will present experimental data on physical 
property variations for the solid reactant (MnO) and solid 
product (MnS) and correlate these data in a form suitable for 
inclusion in a gas-solid reaction model. As mentioned in 
Chapter I, the correlations developed must consider variations 
due to both sintering and reaction. Therefore, the presenta­
tion of the data and correlations will be prefaced by a review 
of current research and theories in the field of sintering, 
specifically as regards variations in the specific surface 
area, which is the major parameter measured experimentally. 
Following this and preceding data presentation will be a 
discussion of published research on the variation of physical 
properties with respect to conversion at conditions where 
sintering is unimportant.
Sintering
Sintering can be defined broadly as "any adherence, 
coherence, or other attachment by which a loose or consolidated 
mass of particles changes on heating to a denser mass (1)."
The term has been used most frequently in ceramics to 
describe the processes by which fine particles in contact
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with each other agglomerate when exposed to high temperatures 
for some period of time. This agglomeration is usually 
accompanied by a decrease in porosity and an increase in the 
bulk density. As a consequence, the surface area of the 
solid decreases, resulting in a decrease in the surface free 
energy and the total free energy (2). In fact, the driving 
force for sintering is thought to be the surface energy of 
the solid (3).
The activation energies for sintering are generally quite 
high so that the rate of sintering increases rapidly with 
temperature. The Tammann temperature, usually 0.4 to 0.5 
times the absolute melting temperature of the solid, is con­
sidered to be the temperature below which sintering does not 
occur to any appreciable extent. Above the Tammann tempera­
ture sintering takes place rapidly, usually producing abrupt 
changes in solid physical properties (3).
Most research on sintering has concentrated upon the 
densification process, important in the ceramic industry.
Very little research on the effect of sintering on the rate 
of a gas-solid reaction has been reported. It is valuable, 
however, to review various sintering theories as they form the 
basis of the present understanding of the effect of sintering 
on reaction.
The geometrical changes in the solid that take place as 
a result of exposure to high temperatures are complex and 
depend upon many factors including particle size, shape, and
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packing. In fact, the present state of the art is such that 
no general theory has been proposed which adequately explains 
all changes in a solid due to sintering. However, it is 
thought that sintering occurs in three stages which are 
diagrammed in Figure IV-1. In the initial stage, the areas 
of contact between adjacent grains grow, i.e., necks form 
and grow between adjacent grains. (Note: In a materials
science context, "grain" refers to the individual crystals 
constituting the solid mass (4). In the present context, 
the grain model definition of a grain is assumed. The 
assumption is that the effect of sintering on either type 
of "grain" is the same.) In the intermediate stage, the 
growing necks merge so that the original granular structure 
disappears and is replaced by a polycrystalline body with 
intergranular porosity. This is the grain growth stage, 
in which the large number of small grains is replaced by a 
smaller number of large grains. In the final stage of 
sintering, the pore space becomes broken up with isolated 
closed pores remaining which shrink in size as densification 
proceeds (2).
Various mechanisms have been postulated to explain the 
sintering process. These include (2,3): (a) Viscous Flow-
flow of material to the necks due to the influence of the 
curved surfaces of the pores; (b) Evaporation-Condensation- 
based upon the increase in vapor pressure above a convex 










for evaporation from the grain surfaces and condensation in 
the necks between grains; (c) Volume Diffusion-diffusion 
through the grains to the necks; (d) Surface Diffusion- 
migration of atoms across the grain surface to the necks;
(e) Grain Boundary Diffusion-the vacancies diffuse away from 
the necks via the boundaries of the grains constituting the 
overall particle.
Much of the experimental work on sintering has been 
based on neck-growth experiments in which two spheres of the 
material of interest are placed in contact and then exposed 
to high temperatures for some period of time. The size of 
the resulting neck between them is determined. Kuczynski (5) 
developed a relationship between the radius of the neck, x, 
and the radius of each sphere, a, the time, t, and the 
temperature, T, which can be written as:
(x}n . FIT) t
a ma
where: F(T) = function of temperature only
m,n = exponents 
The exponents m and n as well as F(T) vary according to the 
mechanism of neck growth; therefore, the exact mechanism 
of sintering can be determined from neck-growth experiments (6).
Until recently, very few studies have examined the varia­
tion of surface area with sintering. However, a recent series 
of articles by German and Munir (7,8,9) has presented a 
rather extensive study of surface area variations with exposure
to high temperatures. One basic conclusion was that more 
than one mathematical relationship was necessary to describe 
the phenomena as the mechanisms were different for the 
different stages of sintering. In the initial stage of 
sintering, the driving force was postulated to be the curvature 
gradient in the region of the neck between two adjacent grains 
in the overall solid particle. The relationship between 
surface area, time, and temperature was derived from the neck- 
growth equation, equation (IV-1), and was given as (9):
( AS/S )3 = K(T) t (IV-2)o
where: AS = S -S = initial surface area minus surface areao
at time t, length mass 
Sq = initial surface area, length2 mass-1 
a = exponent 
K(T) = a function of temperature (constant for 
isothermal sintering) 
t = time
This equation was tested against experimental data for several
systems (8,9) and was shown to give good results up to AS/Sq = 0 .
(9). The experimental data used for comparison were taken 
under isothermal conditions and the initial porosities of the 
samples used varied from 0.37 to 0.50.
The exponent a was considered to be a function of both
the sintering mechanism and the coordination number of the
material (which characterized the packing of the material).
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As the sintering mechanism varied with temperature, so too, 
did the exponent. In fact, as in the work of Kuczynski (6), 
knowledge of the exponent, a, allowed one to determine the 
sintering mechanism. Values of a obtained from the correla­
tion of experimental data varied from 1.0 to 4.1 (9).
German (10) extended the development for use in the 
analysis of sintering data taken at different temperatures 
for the same period of time. It was postulated that K(T) 
would be of the form:
where: A = constant
E = activation energy for sintering 
R = gas constant 
T = absolute temperature 
Above AS/So = 0.50, it was postulated that the intermediate 
stage of sintering began and that the driving force for 
sintering changed to the surface free energy (11). In this 
region, German (11) proposed that the surface area reduction 
kinetics followed a power law dependence:
where: B(T) = function of temperature
b = exponent
Experimental evidence was presented to support this conclusion 
«
and to show that the combination of equations (IV-2) and
K(T) = AT' 1 e E/̂ RT (IV-3)
41 = -B(T) Sb at (IV-4)
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(IV-4) was sufficient to model the surface area variations 
throughout the sintering process. The functional relationship 
of B with temperature was not discussed and the exponent b 
was reported to be between 2.6 and 3.3 for various materials.
Other studies (12,13,14,15) have relied upon an equation 
of the form of equation (IV-4) to model surface area reduc­
tion during all of the sintering process. Schlaffer et al.
(15) presented a detailed study of surface area variations 
during the sintering of silica-alumina catalyst at various 
temperatures in steam. Values of the exponent b varied from 
9.1 at 478°C to 3.8 at 863°C for a steam pressure of 101.3 kPa.
The B values were modified so that they all had the same 
units (see pp. 127-128 for further explanation of this procedure) 
and the Arrhenius relationship was used to express the 
modified B's as a function of temperature:
B(T) = B e “E//RT (IV-5)o
where B is a constant. B was shown to be equal to 1.52 x o o
106 hr-1 and the activation energy was 25.8 kcal/gmole.
In his study of the sintering of platinum black catalyst 
in different atmospheres, Hassan (16) concluded that a relation­
ship of the form of equation (IV-4) was satisfactory. He 
determined that for sintering in oxygen and hydrogen atmospheres 




For sintering in nitrogen there was a first order dependence:
He assumed that k exhibited an Arrhenius relationship and
calculated that the activation energies for sintering in 
hydrogen, oxygen, and nitrogen were 3.0, 3.5, and 12.5 kcal/ 
gmole, respectively.
Nicholson (17) assumed that the driving force for 
sintering was the excess surface energy over some final value 
and postulated the following relationship between surface 
area, time, and temperature:
Only limited experimental data on the sintering of magnesium 
oxide and iron oxide were offered to verify this relationship. 
However, as discussed in Chapter II, Ranade and Harrison (18) 
used this equation to correlate their sintering data. In an 
earlier article, Gary (19) stated that D(T) could be 
expressed by the Arrhenius relationship.
Figure IV-2 compares the general S versus t behavior 




where: D(T) = function of temperature

















Power Law, eqn. (IV-4) 
b = 6.0
B(T) = 1 x 10“ 5
Nicholson, eqn. (IV-8) 
D(T) = 0.60 
Sf = 5.0
German and Munir, 
eqn. (IV-2) 
a = 6 .0
K(T) = 1.0 x 10" 2
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Comparison of Sintering Surface Area Correlations. 
General Shape of Curves
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parison of the three equations in fitting a particular set 
of data will be presented in a later section of the chapter.
The parameters have been chosen such that the predicted behavior 
roughly reflects what was seen in the experimental study to 
be discussed later. Both exponents a and b were assumed to be 
equal to 6.0 and the constant for the power law equation,
B(T), was taken as 1.0 x 10-5, while the constant for the 
German and Munir relationship, K(T), was assumed equal to 0.01. 
For the Nicholson equation, D(T) was given a value of 0.60 
while the final surface area was assumed to be 5.0 m2/g. In 
each case, the initial surface area was assumed to be 15.0 m2/g.
It can be seen that the power law equation predicts a 
very large initial surface area decrease and a very gradual 
decrease as exposure time gets larger. In fact, parameters 
can be chosen such that the power law predicts an essentially 
constant surface area after a sufficient exposure time. For 
given parameters, the German and Munir relationship predicts 
a very rapid initial decrease in surface area but does not 
predict that the surface area approaches some constant value 
at large times. It should be recalled that German and Munir 
suggested the use of this relationship only for AS/Sq _< 0.50.
The Nicholson relationship fails to predict the initial 
large surface area decrease but does predict a final constant 
surface area value after sufficient time.
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Structural Changes Due to Chemical Reaction.
Ranade (20) has reviewed the available literature on the 
variation of surface area with conversion for situations where 
sintering was unimportant. Nicholson (17) proposed a relation­
ship between surface area and conversion based on the premise 
that an intermediate metastable lattice was formed before 
the final solid product lattice appeared. This relationship 
is very difficult to use due to problems in determining some 
of the parameters involved.
Nicholson and Dollimore (21) suggested a relationship 
between the surface areas and the molar volumes of the solid 
reactant and product in solid decomposition reactions. If 
the increase in surface area due to decomposition was caused by 
an increase in the size of the grains with the total number 




where: V = molar volume of solid reactant, length3 moles-1R
Vp ■* volume of solid product equivalent to one mole 
of solid reactant, length3 moles-1
S = specific surface area of solid reactant, length R
mass of product-1
Sp = specific surface area of solid product, lengthi- 
mass of product-1 
If the surface area increase was the result of an increase 
in the number of grains (and thus, a decrease in their size),
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then:
■“  = 4 s)1'5 (— )0'5 (IV-10)
VP SP nR
where: n = number of grains of solid reactant per mole ofR
solid reactant 
np = number of grains of solid product equivalent to 
one mole of solid reactant 
It should be noted that Ranade and Harrison (18) did not use 
either of the above relationships but developed an empirical 
one, equation (11-59).
Unfortunately, the above is essentially the extent of 
what is available in the literature concerning the variation 
of surface area with conversion. As evidenced by the dis­
cussion in Chapter II, most work on solid physical property 
variations with respect to conversion has dealt with porosity 
variations. The relationships presented by Hartman and 
Coughlin (22,23), equation (11-43), and Gidaspow (24), equation 
(11-13), related porosity to fractional conversion and the 
molar volumes of solid reactant and product. Both developments 
assumed that the overall pellet size did not change and that 
the pores either closed or opened depending upon whether 
the solid expanded or contracted as reaction proceeded (because 
of differing molar volumes). Szekely et al. (3) presented a 
similar relationship between initial and final porosities.
A similar development which results in the surface area 
as a function of conversion and molar volumes can be made.
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It is assumed that the overall pellet is made up of micro­
scopic, highly dense grains (as in the grain model), that the 
solid product is essentially nonporous (so that the overall 
grains remain nonporous during the course of reaction), and
that the overall pellet size does not change as reaction 
proceeds. The reaction is assumed to be of the form:
aA A(g) + aB B(s) + ac C(g) + aD D(s) (IV-11)
and the expansion factor, E, is defined as:
a
E  ------- --- (IV-12)PB “d
B
-3where: P„ = density of solid reactant B, mass length'
D
Pp = density of solid product D, mass length-3
Mp = molecular weight of solid product D, mass moles-1
Mg = molecular weight of solid reactant B, mass moles-1
with the reactant stoichiometric coefficients a. and a_ assumedA B
negative and the product stoichiometric coefficients â, and a^ 
assumed positive. The grain radius can be written as a 
function of this expansion factor (after Ramachandran and 
Smith (25)):
r ’3 = r 13 + E (r « 3 _ r «3) (IV-13)s c  s co
where: r 1 = grain radius, lengths
r ' ~ unreacted core radius of each grain, length
r 1 = initial grain radius, length s
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Now, the local fractional conversion, X, of solid reactant 
corresponding to a given value of r ' is: 
r 1
X = 1 - r) 3 (IV-14)rso
By substitution of equation (IV-14), equation (IV-13) becomes:
r t3 = r *3 (1 + x(E-l)) (IV-15)s so





where p' is the density of the grain and is given by:
(1-X) p_ + E X p_ 
p» = 1 + X(E-l) (IV-17)
Substitution of equations (IV-15) and (IV-17) into equation 
(IV-16) yields an expression for grain surface area as a
function of local fractional conversion, with E as a parameter:
S' - 3 (1+X(E-1))2/3 . (IV_18)
S r6 ’ {(1-X) PB + EXpd) U V  1<s>
O
The average grain surface area for a spherical pellet 
can be obtained by integration:
S' = -At fTs Sfr2dr (IV-19)r 3 o s
where: r = pellet radius, lengths
r = radial coordinate of the pellet, length
The pellet specific surface area is equivalent to the average 
grain specific surface area, as shown below:
S = -E = —7^ 7- = = S'' (IV-20)p in n ’lr m »
P
where: = specific surface area of pellet, length2 mass-*
Ap = total surface area of the pellet, length2
nip = total mass of the pellet, mass
n’ = number of grains in the pellet 
A1 = average surface area of a grain, length2
m’ = average mass of a grain, mass
Thus, equations (IV-18) and (IV-19) give the pellet specific 
surface area as a function of the radial local fractional
conversion profile, with E as a parameter. It is important
to realize that the above development accounts for the entire 
surface area of each grain (and the overall pellet). In 
reality, it is possible that some pores may be either closed 
off or otherwise not accessible. If such pore closure 
occurred we would expect measured values of specific surface 
area to be somewhat less than predicted by equation (IV-18).
Sintering of Manganous Oxide-Data Presentation and Analysis 
Samples of spherical pellets of manganous oxide (MnO) 
were exposed to temperatures ranging from 400°C to 800°C for
time periods from 15 minutes to 25 hours. The surface areas
of the sintered samples were determined after cooling to 
room temperature by using the continuous nitrogen adsorption
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technique described in Chapter III. The specific surface 
area of the original MnO pellets was taken to be 13.25 m2/g, 
which was the average of eight measurements of different 
samples taken over the course of a year. As the surface area 
of a sample sintered at 400°C for 10 hours did not vary 
significantly from that of an unsintered sample, it was 
assumed that surface area variations due to sintering were 
essentially negligible below 400°C. Since the Tammann tempera­
ture is usually 0.4 to 0.5 times the absolute melting point 
and the melting point of MnO is 1923°K, the above assumption 
seemed practical.
A complete tabulation of the specific surface area data 
is presented in Appendix A. Table IV-I presents the average 
specific surface area at each exposure time and temperature 
(a minimum of two determinations was made at each time and 
temperature, except for certain samples sintered at 800°C 
where low surface areas prevented more than one). Attempts 
were made to fit the data with each of the surface area 
correlations presented previously (equations (IV-2), (IV-4), 
and (IV-8)). Each correlation was linearized and parameters 
were chosen to give the best fit to the data by using the 
linear least squares technique. A comparative plot,
Figure IV-3, shows the best fit to the sintering data taken 
at 600°C for each correlation. Comparison of the correlation 
coefficients for each fit showed that the best representation 
of the data was accomplished by the power law equation,
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TABLE IV-I
SPECIFIC SURFACE AREA OF MANGANOUS OXIDE AS A 
FUNCTION OF TEMPERATURE AND EXPOSURE TIME
Specific Surface Area,

















































  German and Munir, eqn. (IV-2)
S = 13.25 (1-6.184 x 10"3t)0*201)
  Power Law, eqn. (IV-4)
S = 10 (0.9205 - 0.1763 log 
(t + 0.07178))
  Nicholson, eqn. (IV-8)
S = 5.00 + exp (2.110 - 0.4121t)
©  Experimental Data
i i l I I I I I I L
2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
Time, hr.
r-3. Comparative Correlation of Specific Surface Area at
600°C
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(IV-4). This was also seen graphically as the power law 
exhibited both the large decrease in surface area initially 
and the gradual tapering-off as time proceeded. The equation 
of German and Munir* equation (IV-2), fit the experimental 
data at small time periods but exhibited a rather steady 
decrease as time proceeded which was not noted experimentally. 
This was expected as German and Munir (7) suggested this 
equation only for So-S/So _< 0.50. Data at exposure times 
greater than five hours at 600°C exceeded this criteria.
Also, all data taken at 700°C and 800°C exceeded this criteria. 
Although the 500°C data met the criteria, the German and 
Munir relationship resulted in a much poorer fit than the 
power law. The surface area predicted by the equation of 
Nicholson, equation (IV-8), agreed with experimental data very 
well at large exposure times as expected. However, it was 
not sufficient for modelling data at small exposure times.
Thus, the best correlation, overall, proved to be the 
power law equation.
This also proved to be the case at 500, 700, and 800°C 
so that the power law equation was used to fit the surface 
area data taken at all sintering temperatures. Figure IV-4 
shows graphically the experimental data at each temperature 
and the best fit correlations using the power law equation.
The values of the exponent b and the constant B(T) at each 
temperature are given in Table IV-II. As the values of the 




















r-4. Sintering of Manganous Oxide. Specific Surface Area 
vs. Time for Various Temperatures.
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TABLE IV-II 
PARAMETERS FOR SINTERING CORRELATION - MnO
CORRELATION: = -B(T) ^at
Temperature, °C B(T),(m2/g)^ ^ (hr)-1
500 2.30 x 10-13
600 1.06 x 10“6
700 2.85 x 10“3







average exponent could not be used for all temperatures.
However, an attempt was made to use an average value of 5.0 
for the exponent for the temperatures 600, 700, and 800°C.
But, linear least squares analysis resulted in equations that 
were not nearly as satisfactory in matching the experimental 
behavior as the use of different exponents at each temperature. 
Other investigators have reached the same conclusion. As 
noted before, Schlaffer et al. (15) reported values of b ranging 
from 9.1 at 478°C to 3.8 at 863°C for the sintering of silica- 
alumina catalyst in steam.
The functional dependence of B on temperature was assumed 
to be of one of three forms: (a) the traditional Arrhenius
relationship;
(b) the modified Arrhenius relationship assumed by German (10);
o
or, (c) the Arrhenius relationship adjusted to account for 
the Tammann temperature, Tt;
The units of B in equation (IV-4) were different at each 
temperature since the exponents were different. To facilitate 
correlation of B with temperature, Schlaffer et al. (15) 
calculated a B’ at each temperature using the relationship:
B = B e -E/RT (IV-5)o
(IV-21)
B = B e -E/R(T-T ) (IV-22)o
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B1 = B S b“1 (IV-23)o
B' has the units of hr?1. This procedure was adopted in 
this study. The B' values are tabulated in Table IV-III.
Each of the above correlations was attempted and the best 
fit to the data was obtained by using the traditional Arrhenius 
relationship, equation (IV-5). The relationship derived was:
B’(T) = 8.89 x 1012 e ■"4970°/1*987T (IV-24)
so that:
B(T) = [8.89 x 1012 e -49700/1-987T] 13.2 5 (IV-25)
Figure IV-5 presents a graph of equation (IV-24) and the 
experimental data.
The values of the frequency factor (8.89 x 1012 hr.-1) 
and activation energy (49.7 kcal/gmole) reported in equations 
(IV-24) and (IV-25) are obviously much bigger than those 
usually noted in Arrhenius relationships. This is due to the 
modifications made in the B values to effect the above 
analysis. The analysis presented above is not a true Arrhenius 
relationship as the rate expression is different at each 
temperature. However, it is suitable for data interpolation. 
Schlaffer et al. (15) noted values of 1.52 x 106 hr.-1 and 
25.8 kcal/gmole for the frequency factor and the activation 
energy respectively in the only comparable study.
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TABLE IV-III 
ADJUSTED B VALUES - MnO
Temperature, eC B* = BSn^ \  hr."1















Figure IV-5. Arrhenius Relationship for B', Sintering of MnO
Variation of Porosity with Time and Exposure Temperature
Experimental values for the porosity of each sintered 
sample were determined by averaging the actual densities of 
several randomly picked pellets and using equation (III~7):
The data are plotted in Figure IV-6. Data collected for 
sintering at 500°C showed that the porosity did not vary 
significantly from its initial value and thus, they are not 
plotted.
After examination of the plotted data, it was decided 
that the power law written in terms of porosity could fit it 
well:
Kuczynski (26) also suggested such a relationship between
porosity, time, and temperature. The lines drawn through
the data are the best fit lines according to the power law.
Values of the exponent, Jt, and the constant, L(T), are given
in Table IV-IV. The large values of the exponent and
constant at 600°C and 700°C are a consequence of relatively
little variance of the porosity from its initial value.
£
As the exponent, £, increases, the term e grows smaller
EP (III-7)
where: = average actual pellet density, mass length-3
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PARAMETERS FOR POROSITY CORRELATION - MnO
CORRELATION: ~  = -L(T)
at
Temperature,°C L(T), hr.-1
600 7.17 x 105 53.69
700 9.38 x 10k 30.09
800 9.57 x 101 5.81
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because e is always less than one. Thus the variation in
porosity predicted by the power law would be small if the
exponent was large. However, the power law predictions
fit the data well, even considering the scatter noted
because of the experimental procedure. At 800°C, there is
a large drop in porosity and thus the exponent and constant
reported are more in line with previous values reported for
surface area variations.
Sintering results not only in a decrease in surface area
and porosity but also pellet shrinkage. A relationship
between pellet radius and porosity can be developed. The
pellet porosity is defined by equation (III-7). The actual
pellet denisty, p , is given by:P
m
P - rf- CIV-27)
P
where: m = mass of overall pelletP
V = volume of overall pellet, length^P
As the pellets are spherical,
V = 4  ir r 3 (IV-28)p 3 s
where r is the radius of the pellet. Substitution of equations s
(IV-27) and (IV-28) into (III-7) and rearrangement yields:
3 m .
r = (7------- --- c) (IV-29)s 4 it p (1-e )t p
The variation of pellet radius from its initial valuer -r 
ocan be ascertained by noting ------  as a function of c where:
rs_
In Figure IV-7, — ---- is plotted versus — —  for various
rso G°
values of e .o
Obviously, large porosity variations will result in a 
significant shrinkage in the overall pellets. For initial 
porosities of 0.7 to 0.8, the pellet size can reduce up to 
40% or more as the porosity goes to zero. In the present 
study, pellet size reduction up to 35% can be noted if 
sintering results in large porosity reductions. Thus, this 
effect is important especially as temperature rises and 
sintering becomes more severe and should be considered in 
a gas-solid reaction model.
The particle radius affects two major facets of a gas- 
solid reaction system. If the pellet radius changes, the 
mass transfer coefficient will be affected as it is a function 
of this parameter. Variable pellet radius will also affect 
the solid phase material balance by introducing an additional 
term that accounts for pellet radius as a function of time. 
These factors will be discussed in detail in Chapter V.
Variation of Surface Area and Porosity with Conversion
Samples of spherical MnO pellets were partially converted 
to MnS under a stream of flowing nitrogen containing 0.6 to
1.0 mole percent H2S at 300 and 350°C. These temperatures 
are equal to or less than the Tammann temperature so that
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
e -e o
eo
Figure IV-7. Fractional Change in Pellet Radius as a Function of 
Fractional Change in Porosity (Porosity Change Due 
to Sintering Only)
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virtually no sintering should occur. Thus, all changes in 
the surface area and other physical properties were due to the 
effects of conversion only. The concentration of H2S was 
kept at or below 1.0 mole percent so that the rate of 
reaction would be slow enough to eliminate the heat effects 
of reaction on the pellets (the reaction was exothermic). 
Exposure times varied from 1.5 hours to 7 hours so that 
different levels of conversion could be attained. Gas flow 
rate through the reactor-fumace was about 1000 cm3/min (STP).
A minimum of two surface area measurements was made 
for each converted sample. The values at each conversion 
level were averaged and are given in Table IV-V. Experimental 
values of the porosity as a function of conversion were 
estimated using the same procedure as that previously 
discussed for finding the porosities of sintered samples 
of WhO and MnS. These are tabulated in Table IV-VI along 
with the predicted values of porosity as a function of 
conversion from the relationships developed by Hartman and 
Coughlin (22,23), equation (11-43)
(1-e ) p _  Ptj ar> _
t - 1 - [ - ^ - B (1-X) VB - — - a _ £  X j  VD] (11-43)
and Gidaspow (24), equation (11-13)
e = (1-E vc —v ) + (E-l)v (11-13)B D &o o
In each case, these relationships reduced to:
e = 0.735 - 0.157 X (VI-31)
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TABLE IV-V
REACTION OF MnO TO MnS SPECIFIC SURFACE AREA VS. 
CONVERSION DATA


















EXPERIMENTAL AND PREDICTED POROSITIES AS A 
FUNCTION OF CONVERSION OF MnO TO MnS
Fractional Conversion Experimental Predicted PorosjLty









for the present system. Although the original developments 
were written in terms of the local fractional conversion, 
the above relationship is written in terms of the overall 
fractional conversion for comparison with experimental data.
The agreement between experimental and predicted 
porosities was very good. Thus the physical situation assumed 
in each of those developments (constant overall pellet size, 
grains expand or contract due to differing molar volumes 
of solid reactant and product) should have been similar to 
that for the present situation. In fact, measurements taken 
before and after reaction showed that the pellet radii did 
not significantly change. Therefore, the development for 
surface area as a function of conversion using the same 
assumptions, presented in a previous section of this chapter, 
should be applicable here.
However, such was not the case. Assuming a uniform 
conversion profile for a spherical pellet, the overall 
specific surface area of the pellet was equal to the grain 
specific surface area. Therefore, from equation (IV-18), the 
specific surface area of the reacting MnO pellet was given by:
S(m2/g) = (4. 371xlO-«) {5.18x10^(1-30+6.352x10^} <IV~ 32)
This relationship, plotted in Figure IV-8, predicts a 
surface area increase. However, as shown in Table IV-V, a 
definite decrease in the specific surface area was noted 

















predicted by eqn. (IV-32)14
13
12







Percent Fractional Conversion of MnO to MnS, %
Figure IV-8. Surface Area as a Function of Conversion
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equation given above evaluates the entire surface area of 
the solid. In a situation like the present one in which the
solid product was greater than the equivalent volume of solid 
reactant), it is possible that some of the surface area 
became inaccessible to measurement as pores closed due to 
grain expansion, Thus a surface area decrease may be noted 
as reaction proceeds and equation (IV-18) can not be used 
to predict surface area versus conversion for such situations,
A general development for expressing specific surface 
area as a function of conversion which requires as parameters 
only the specific surface areas of the solid reactant and 
product follows. It is assumed that that portion of the overall 
pellet which reacted has a certain characteristic specific 
surface area, that of the pure solid product at that time 
and temperature, and that portion which has not reacted has 
the specific surface area of the pure reactant at that time 
and temperature, Then the specific surface area of the overall 
pellet can be determined by adding the surface areas of the 
masses of reactant and product of which the pellet is composed 
and dividing by overall pellet mass. If such is the case, 
the following relationship is true:
solid expanded during reaction (as the molar volume of
S
sD X + SB (1-X)
(IV-33)
X + 1-X
where: S = specific surface area of partially converted
materials length2 mass-1 
Sg = specific surface area of pure product at any time
and temperature, length2 mass-1
Sg = specific surface area of pure reactant at any
time and temperature, length2 mass-1
As noted before, Sg was determined experimentally as 13.25 m2/g. 
Sg was determined by extrapolating the experimental data to 
100% conversion. The value so obtained was 8.15 m2/g. For 
the present case, the other parameters have the following values
aB = _1 
Mg = 87.00
Mg = 70.94
Substitution of these values into equation (IV-33) yields 
the following expression:
S(m2/g) = j  (IV-34)
1 + 0.23 X
This relationship is plotted in Figure IV-8 along with the 
experimental data. The equation fits the data quite well 
except for some of the higher conversion level data where the 
predicted values are slightly higher. This may be due to 
some slight sintering due to the length of exposure time 
necessary to attain such conversions. However, the overall 
fit is quite good so that this relationship was used to relate 
surface area and conversion in the modelling work.
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Sintering of Manganous Sulfide
It is important to determine the variations in surface 
area and porosity of the solid product, manganous sulfide, 
as a function of time and temperature as it is possible 
that these variations will be different than those of the 
solid reactant. As the reactant is converted into product, 
the product layer will be affected by the high temperatures 
and sintering will result. The variations in solid physical 
properties which result must be correlated and considered 
in any modelling effort.
Samples of manganous sulfide were produced by reacting 
manganous oxide with a gas mixture consisting of approximately
1.0 mole percent hydrogen sulfide at 350°C. The low 
temperature and low reactant gas concentration were necessary 
to ensure that negligible sintering occurred. After a 
reaction time of seven hours, a conversion level of at least 
95% was attained. It was decided that this was essentially 
pure manganous sulfide as slight impurities in the MnO and 
other experimental errors probably prevented one from attaining 
theoretically complete conversion.
Due to the difficulty of producing a large batch of MnS 
pellets, only certain sintering experiments were made to prove 
that the surface area did indeed vary with time and temperature 
and to allow the correlation of surface area variations with 
time and temperature. In fact, at each temperature, the same 
sample was sintered repetitively and the exposure times were
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added to give a total exposure time. Thus, slight errors may 
exist due to the heat-up and cool-down times of each 
exposure but these are thought to be negligible as the experi­
mental equipment was designed to minimize these effects.
The specific surface area of each sintered sample at 
each exposure time and temperature was determined. These 
data are tabulated in Table IV-VII and plotted in Figure IV-9.
Although only a few measurements were taken at each tempera­
ture, it was obvious that the data could be correlated by 
using the power law expression, equation (IV-4). The 
relationship was linearized and the parameters B(T) and b 
were determined at each temperature. These are tabulated in 
Table IV-VIII and the expression at each temperature is 
plotted in Figure IV-9. The power law expression again pro­
vides a good fit to the data at each temperature. The values 
of the rate constant and exponent at 500°C seem to be much 
different than the others. This is perhaps due to the 
behavior at this temperature where a large initial decrease 
in surface area in 0.5 hours is followed by little variation 
thereafter.
Attempts were made to modify the B values to correct for 
sintering rate order using equation (IV-23):
B' = B S b_1 (IV-23)o
and to fit it to an Arrhenius relationship. However, the B' 
values, as listed in Table IV-IX, prevented such an analysis
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TABLE IV-VTI
SPECIFIC SURFACE AREA OF MANGANOUS SULFIDE AS A 
FUNCTION OF TEMPERATURE AND EXPOSURE TIME
Specific Surface Area,
Temperature, °C Exposure Time, hrs. _________m2/g________








































Figure IV-9. Sintering of Manganous Sulfide
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TABLE IV-VIII 
PARAMETERS FOR SINTERING CORRELATION - MnS
CORRELATION: = -B(T) Sbat
Temperature ,°C B(T) , (m2/g)'*' b (hr)"1 b.
500 5.84 x 10“ 31 35.59
600 1.30 x 10"5 8.50




ADJUSTED B VALUES - MnS





as they increased from 500°C to 700°C but the value at 800°C 
was much less than that at 700°C. Attempts to fit the B 
values themselves to an Arrhenius relationship were also 
unsuccessful. It was thought best, therefore, to forego 
any correlation of B with temperature in this situation. It 
is concluded that an analysis such as that based upon equation 
(IV-23) should be attempted when using the power law expression 
and used only when it results in a suitable fit; as in the 
case of manganous oxide.
The porosity variations as a function of time and tem­
perature due to sintering for MnS were determined in the same 
manner as for MnO, previously described. These data are 
plotted in Figure IV-10. The lines drawn through the data 
are the best fits using the power law relationship, equation 
(IV-26) :
= -L(T) el (IV-26)
The rate constant L(T) and the power £ at each temperature 
are given in Table IV-X. Again as in the case of MnO, there 
were negligible porosity variations due to sintering at 500°C. 
The power law expression provided a good fit to the data at 
each temperature.
Comparison of Figures IV—4 and IV-9 and of Figures IV—6 
and IV-10 shows that, in general, the variations of surface 
area and porosity with time and temperature for both MnO and 





















CORRELATION: = -L(T) el
Temperature,°C L(T), hr.-1
600 4.16 x 1017







(especially at higher temperatures) that gradually taper-off 
as time proceeds. The only difference is that the initial 
decreases seem to be larger for MnO than for MnS. However, 
both the specific surface area and porosity of pure MnO 
are higher than those of MnS so that the initial driving 
force in each case is probably more for MnO. Also, no data 
was taken for sintering of MnS at 0.25 hours, so the initial 
decrease may be larger than predicted.
Verification of Correlations
In order to verify the suitability of the correlations 
postulated above, several samples of partially converted MhO 
pellets (the pellets were partially converted at low tempera­
tures so that sintering was not important) were sintered 
for various time periods at various temperatures. The 
experimentally determined surface areas are tabulated in 
Table IV-XI along with those predicted using equation (IV-33) 
where S^ and Sg are determined from the power law expression.
The agreement between experimental and predicted values is
very good so that the proposed correlation methods are certainly
satisfactory.
To study the porosity correlations, it was first necessary 
to determine a method to combine the effects of sintering and 
reaction. It was decided to perform such a calculation in 
two steps: first, to calculate the porosity as a result of
sintering; and then, to correct this for the effects of
TABLE IV-XI
COMPARISON OF PREDICTED AND EXPERIMENTAL SPECIFIC SURFACE AREAS-PARTIALLY CONVERTED MnO 
Temperature,°C Time, hrs. % Conv. to MnS S experimental, m2/g S predicted, m2/g
500 3.17 45.0 10.20 9.03
600 1 91.3 3.73 3.77
600 3 91.3 3.01 3.24
600 2.25 19.4 7.14 6.25
700 0.5 81.5 2.36 2.43
700 1 81.5 1.97 2.13
700 1 44.0 3.06 2.63
800 0.5 67.3 1.17 0.92
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conversion. In order to calculate the porosity change as a 
function of sintering, the separate porosity changes effected 
on both reactant and product were averaged and then subtracted 
from the original porosity,
where: = the porosity after sintering of the pellet at
the given time and temperature
e = the porosity of the solid reactant after sintering K
at given time and temperature, determined from 
equation (IV-26)
£p = the porosity of the solid product after sintering 
at given time and temperature, determined from 
equation (IV-26) 
e ,e = initial porosities of solid reactant and product
K  _ r _
This value was then corrected for the effect of conversion by 
using equation (IV-31):
If application of equation (IV-31) resulted in an e less than 0, 
then p was assumed to be 0. Selected experimental data are 
compared to the values predicted by the above procedure in 
Table IV-XII and close agreement is noted. Thus, this pro­
cedure and correlations developed above are suitable for 




e = 1 - [(1—e )(1-X) + 1.592(l-e ) X] s s (IV-31)
TABLE IV-XII
COMPARISON OF PREDICTED AND EXPERIMENTAL POROSITIES 
Temperature,°C Time, hrs. % Conv. to MnS e experimental c predicted
500 3.17 45.0 0.669 0.664
600 1 91.3 0.530 0.555
600 2.25 19.4 0.678 0.672
600 3 91.3 0.526 0.543
600 3 100.0 0.532 0.528
700 1 44.0 0.555 0.518
700 1 81.5 0.485 0.454
700 1 100.0 0.494 0.425
700 6 100.0 0.407 0.339
800 0.5 67.3 0.402 0.240
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conversion and are used in the model developed in Chapter V.
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CHAPTER V
PROPOSED GAS-SOLID REACTION MODEL
In Chapter I, the important constant physical property 
gas-solid reaction models were reviewed. It was shown that 
these models, for the most part, fell short of adequately 
describing gas-solid reaction behavior. The assumption of 
constant solid properties was shown to be one of the import­
ant limitations as solid properties change with reaction 
and/or sintering in almost every gas-solid reaction system. 
The experimental results discussed in Chapter IV proved 
that the specific surface area and porosity of the solid 
vary with both reaction and sintering in the MnO-MnS 
system. In Chapter II, attempts to incorporate variable 
physical properties into gas-solid reaction models were 
discussed. Each of these also had limitations. Only two 
models, those of Ramachandran and Smith (1) and Ranade 
and Harrison (2), considered solid property variations 
due to both reaction and sintering. Both of these were 
based on limiting assumptions which hinder their general use.
The purpose, therefore, of the present chapter is 
to present a more general gas-solid reaction model which 
allows for solid physical property variations due to both 
reaction and sintering. The approach is similar to that 
of Ranade and Harrison (2) in that the basis of the model 
is the grain model and the incorporation of solid physical
161
property variations is based on variations in the specific 
area and the porosity, both easily measurable parameters in 
any system. However, the development of the equations and 
parameter evaluation methods is more general than that of 
Ranade and Harrison. One of the more important additions is 
the allowance of a radial dependence for each solid physical 
property.
The approach taken by Ramachandran and Smith (1) in 
modelling the sintering phenomena is dependent upon one's 
ability to measure and correlate <(>, the fraction of pores 
removed in the solid with respect to time at a given 
temperature. They suggested an experimental program in 
which solid porosity and particle effective diffusivity would 
be measured as a function of time and temperature. Informa­
tion so gathered could be used to evaluate parameters for 
incorporation into an Arrhenius-type equation to evaluate <J>. 
However, the experimental determination of solid effective 
diffusivity is involved and difficult (3). A method of 
modelling sintering effects based on easily measurable 
properties like the surface area and porosity is much more 
practical. This general development was presented in 
Chapter IV and is incorporated into the model below.
Ramachandran and Smith's variable property model (1) 
also has other limiting assumptions. They assumed that 
sintering affected diffusivity in the macropores only and 
not in the micropores. Furthermore, they assumed that the
163
solid reactant did not sinter. This is obviously not the 
case in the present system of interest as MnO exhibited 
surface area decreases in the temperature range 500°C to 
800°C. It is probably a poor assumption in most cases.
In Chapter IV, it was concluded that the generally 
successful approach to modelling porosity variations as a 
function of local fractional conversion (4,5,6) could not 
be extended to model specific surface area variations with 
respect to reaction. An approach which depends upon 
knowledge of the specific surface area of the solid reactant 
and product was decided upon as the best to model varia­
tions with respect to reaction. This development was given 
in Chapter IV and is incorporated into the model below.
After presenting the model equations in detail, a 
brief summary highlighting the applicability of the model 
will be presented. The chapter will close with a discussion 
of the procedure used in the numerical solution of the model.
Model Presentation
A general development of a gas-solid reaction model 
is now presented. The basis of the proposed model is the 
grain model (described in Chapter I), but many of the 
simplifying assumptions made for the original development 
will not be necessary here. The only assumptions made here 
are: (a) the overall pellet retains its initial shape
during the course of reaction (but pellet size is allowed
to vary); (b) the overall pellet consists of microscopic, 
highly dense grains, each of which reacts according to 
the unreacted core model; (c) the reaction is of the form of 
equation (II-l) :
aA A(g) + ag B(s) -* C(g) + aD D(s) (II-l)
with reactant stoichiometric coefficients negative, and 
product stoichiometric coefficients positive, and is iso­
thermal and first order with respect to reactant gas con­
centration; and (d) the pseudosteady-state assumption is 
valid.
This present development eliminates the need for the 
following simplifying assumptions made in the original grain 
model: (a) pellet size does not change during reaction;
(b) the grains retain their initial size during reaction;
(c) the solid physical properties are constant at their 
initial values during reaction; (d) the particle effective 
diffusivity is constant during reaction.
The model visualization is similar to that proposed by 
Ranade and Harrison (2). A schematic is shown in Figure V-l. 
One important difference, schematically, is that the pellet 
size is not required to remain constant in the present 
development; it is permitted to vary as sintering occurs.
Some of the other simplifications and assumptions made in 
their presentation will be changed for this treatment. It 
is assumed that sintering, in addition to causing pellet
/ Pellet at Time t
Figure V-l, Model Schematic. Effects of Reaction and Sintering Shown 165
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shrinkage, results in the combination of adjacent grains 
so that as exposure time lengthens, the large number of small 
grains is replaced by a smaller number of larger grains.
The effect of reaction may cause the grains to expand or 
contract depending upon the molar ratio and molar volumes 
of the solid reactant and product. However, reaction does 
not affect pellet size. In the MnO-MnS reaction system, 
conditions are such that the grains will grow as reaction 
proceeds so that both reaction and sintering result in 
grain growth. Thus, as reaction proceeds to a greater 
extent near the pellet external surface, the grains there 
will be larger than those at the pellet center (as visualized 
in Figure V-l). The unreacted cores of the new, larger 
grains are assumed to remain at the grain centers.
With these assumptions, the reactant gas material 
balance in spherical coordinates can be written as:
i a d C A
~  ~  (D r2 ) + R = 0 (V-l)r2 dr e. dr AA
where: r = radial position, length




C. = reactant gas concentration, moles length
n
R^ = molar rate of production of reactant gas A by
chemical reaction on a volume basis, moles length-  ̂
time-1
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In the present work, the effective diffusivity, D , will be
eA
considered a function of radial position.
As the reaction is first order with respect to reactant 
gas concentration, the expression for the intrinsic rate of 
reaction per unit surface area is:
R = a. k ' C ’ C * (V-2)A A s B A o c
where: R = molar rate of production of reactant gas A byA
chemical reaction on a surface area basis, 
moles length-2 time-1 
a^ = stoichiometric coefficient of reactant gas A 
(negative)
k ’ = reaction rate constant based on the surface s
area of the unreacted core of each grain, length1* 
moles-1 time-1
C_ ’ = initial bulk concentration of solid reactant B Bo
in each grain, moles length-3
C. ' = concentration of reactant gas A at the surface 
c
of the unreacted core of each grain, moles 
length- 3
The rate per unit volume of pellet, R^, is related to R^ by:
_  r ’2
EA =  3 7 ^ T  <!-*> >iV CB ' CA ’ <V-3>
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where: r ' = unreacted core radius of each grain, length
r ' = radius of each grain, lengths
e = pellet porosity 
Substitution of equation (V-3) into equation (V-l) 
results in the following:
d2C. ^e. dC
D ~j~2^ + (—  D + — — ) “drz r e^ dr dr
r '2+ 3 / r j  U  - O  aAks' CB • CA ' - 0 (V-4)
s o c
An expression for ' is obtained from the unreacted core
c
model as:
C Ac t = ------- -A ----------  (v_ 5)
A a. k C_ r ,c A s B c r
1    (1 - ^ r )
eA s
This equation assumes that the reactant gas concentration at 
the surface of the grain is equal to that in the adjacent 
pores. Substitution of equation (V-5) into equation (V-4) 
gives:
d2C , dDe, dC
D + (- D + — 7-̂ )e^ dr^ r e^ dr dr
+ 3 / 4 ( 1 - . )  . k- CB ---  , r ,------—  = 0
s o A s B c r





S  * CB ' (1 ~ °o> (V‘7>o o
where: Cg = initial reactant solid concentration in the
o
pellet, moles length-3
eo = initial pellet porosity
and that r 1 can be written as a function of local fractional c
conversion, X, as:
. . 1-X q/3
rc rs X(E-l) + 1 V̂_8)
with
aD PB MD
E = ' «B PD “b (1"e') tV'9)
where: Pg = density of solid reactant B, mass length-3
Mp = molecular weight of solid product D, mass
moles- *
Pp = density of solid product D, mass length-3
Mg = molecular weight of solid reactant B, mass
moles- 1
e' = porosity of grain product layer 
equation (V-6) becomes:
d2C. 9 dDe. dC.
\  d ^  + (7  »eA +  sr> d T  <V- 10>
3 *A V CBo CA < ^ >
+ a. k ' C 1 r ' r 1-X -.1/3
r . C1_e )ri _ 5 o___l_ixLE-A )+ V ...a  r i-x ,1/3 ,





eAIf — ^ = 0, E = 1, and e = eQ, then equation (V-10) reduces
to the gas phase material balance of the standard grain 
model, equation (1-11), remembering that equation (V-8) 
becomes:
r ’ = r ’ [1 - X]1/3 CV-11)c s
for E = 1. The boundary conditions for equation (V-10) are 
the same as those in the constant-property grain model: 
dC.
D (r~) = k (C. - C. ) (V-12)e. dr m. A AA r = r A o ss
where: k = mass transfer coefficient for gaseous reactant
mA
A from the bulk gas phase to the solid surface, 
length time-1 
= bulk reactant gas concentration, moles length-3
o
= reactant gas concentration at the external surface
s
of the pellet, moles length-3
and
dr = 0 (V-13)r = 0
The solid phase material balance is given by equations 
(II-4) and (II-5):
dCR -  aR -
d T  ' Kb  - r  r a  (v'14)A
where: C = reactant solid concentration, moles length-3B
Rg = molar rate of production of solid reactant B
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by chemical reaction on a volume basis, moles 
length- 3 time"1 
From above this can be written as:
,r . r 1-X ,2/3 a k f CL C. (1-e)
f S _________ 3 B B Bo A___________________________
dt a k ' C ' r ' r 1-X ,1/3
r . n_e ) n _ _ ! ___ 2__ i-jxXE-jHi-J___ (1 _ r — IlX__,1/1.
rs U  o} 1 D * U  X(E-1)+1 }
eA
(V-15)
By definition, C is given by: 
nB (1-X)
= Trfe , (V-16)B (4/3)v x 3 s
where n is the initial moles of solid reactant B andDO
therefore,
dC 3nB ,
— 2.   (“X) (V-l7)dt 4tt r 3 dts
It should be noted that although the present development
allows for the variation of pellet radius with time, the
dr
term accounting for the gradient of pellet radius ("Ĵ -) is 
not included as pellet radius is permitted to vary with 
sintering only and the solid continuity equation accounts 
for variations due to conversion only. The effect of 
sintering is considered independently by evaluating para­
meters, including the pellet radius, for inclusion in the 
solid balance expression. By substitution of equation 
(V-17), equation (V-15) becomes:
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= (V-l 8)
_  3 r  3 r _____1^/3 k  i c  ( 1 - e )
_____________J s [X(E-l)+lJ %  s CA U  £j___________________
a. k ’ CR r ' , l—X -.1/3
r 3 r * (l-e ) [1 - ____! ° XCE-P+lJ  (1 _ r_ilX ,1/3. ,
s s U  o; 1 (1-e ) D 1 U  X(E-l)+l ;Jo eA
with the initial conditions:
X = 0 (V-19)
t = 0
r 1 = r 1 (V-20)
s I n s 11 = 0 o
rs t = 0 so
= r (V-21)
By letting r = r , E = 1, and e = e , equation (V-18) can
o °
be reduced to the solid material balance of the constant
property grain model, equation (1-14).
The overall fractional conversion is obtained by integrating
the local conversion over the pellet volume:
_  /VXdV
X = -g  (V-22)
/VdVo
where V is the pellet volume, length3.
Dimensionless Model Equations
The above expressions for the gas phase and solid phase 
material balance, equations (V-10) and (V-18), along with 
the appropriate boundary and initial conditions, equations
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(V-12), (V-13), (V-19), (V-20), and (V-21), can be written 
in dimensionless form for ease of numerical solution. In 
dimensionless form, the gas phase material balance becomes:
JC 4- tl K 4. dc
6 W  + (T  5 + ̂  dF (V-23)
3 t x f O T ) 2'3 *A C\  (1-E)“2
rs * aA ^A' *x(E-l)+lo
1-X ,3l/3 (1 _ b 1-X
lX(E-1)+1 ]1/3) ]
with the boundary conditions:
dC
dC C = 1
- ^  (1-C) (V-24)
and
dC
d? = 0 (V-25)C = 0
The material balance for reactant solid B is written as:
dX
d0
-3 a3 [• 1-X l2/3X(E-1)+1] &B C(1~e)




with the initial conditions:
X = 0




6 =  0
C' = 1 (V-29)
6 = 0
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Nomenclature introduced in equations (V-23) through (V-29) 
follows:
6 = dimensionless effective diffusivity within the
pellet = De /DeA A0
De = initial effective diffusivity within the pellet,
Ao
length2 time-1 
C = dimensionless reactant gas concentration = C^/C
o
t; = dimensionless radial coordinate for the pellet = 
r/rs
r = initial pellet radius, length 
o
a = dimensionless pellet radius = r /rs so
<f>, = Thiele modulus for the pellet = k ' CR r /De
A  S S A0 0 ^ 0
C' = dimensionless grain radius = r !/r 's so
* = initial value of the grain radius within the pellet,so
length
= Thiele modulus for an individual grain =A
k ’ C ’ r '/D 's B s e . o o A
Bi = Biot number for mass transfer = k r /Dps eA A o o
0 = dimensionless time « k ’ C. t/r 's A s o o
There are several important differences between the above 
equations and those representing the other variable property 
gas-solid reaction models discussed in this work. A variable 
pellet radius was not included in any of the previously dis­
cussed variable property models. The term accounting for the 
radial gradient in the pellet effective diffusivity has been
included in this development whereas it was assumed negligible 
in the development of Ranade and Harrison (2) as well as 
Hartman and Coughlin (5) and Ramachandran and Smith (1). 
Numerical analysis may prove it to be negligible in most 
situations but it is included in the general development 
for the sake of completeness. The expression which relates 
grain unreacted core radius to local fractional conversion, 
equation (V-8), accounts for the expansion or contraction 
of the grains due to the effect of reaction. This expression 
must be written in terms of initial grain radius if reaction 
affects grain size— Ranade and Harrison assumed this effect 
negligible. In the present case, the difference between 
e and has not been assumed negligible as in the previous 
development. Porosity can decrease significantly, especially 
at high temperatures, due to sintering.
Additional alterations will be produced in the methods 
of parameter evaluation. One of the major objectives is 
to allow for a radial dependence for all solid physical 
properties and other parameters affected by property variations. 
The methods of parameter evaluation are detailed below.
Evaluation of Model Parameters
A necessary aspect of the solution of the above equations 
is the evaluation of the various parameters involved. It is 
desired that the effects of both reaction and sintering be 
included in any evaluation method and that the dependence
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on both radial position and time be considered. The para­
meter evaluation methods should be based on surface area and 
porosity data as these parameters may be easily measured 
experimentally.
Grain radius. The grain radius can be estimated from 
the relationship suggested by Wen (7):
r 5 = (V-30)s S pg
where p is the grain density given by:
(1-3QM, +  X (-a^a,)
PB aB PD C1'e,)
Ranade and Harrison (2) assumed this parameter, p , to be§
a linear function of local fractional conversion.
The specific surface area, S, is expressed as a function 
of time, temperature, and conversion by using the correlations 
given in Chapter IV. As a function of conversion, S is 
expressed as:
an^D
- i x ¥  + sb (1"x)
S  ------  (V-32)
X + 1 - X
where and S., are functions of both time and temperature D £
and are given by the power law expression, equation (IV-4). 
Thus, utilization of the radial profile of local fractional 
conversion from solution of the model equations allows the
calculation of the specific surface area and grain density
profiles and, by equation (V-30), the radial profile for
the grain radius.
Bulk reactant gas concentration. The bulk reactant gas
concentration, , is calculated from the ideal gas law: 
o
PA
CA " W -  (V'33>o
where: p = partial pressure of reactant gas A in theAo
bulk gas stream 
R = gas constant 
T = absolute temperature 
Initial solid reactant concentration. The initial 
concentration of solid reactant B in a grain is given by:
V  ■ 'i
Pellet porosity. In contrast to Ranade and Harrison (2) 
who assumed pellet porosity to be a linear function of 
overall fractional conversion with no radial dependence, the 
pellet porosity is taken here to vary with radial position 
and to depend upon the effects of both sintering and reaction. 
Thus, a radial profile for the pellet effective diffusivity 
is also calculable, as will be discussed in a later section.
As a function of local fractional conversion, the pellet 
porosity is given by the expression of Hartman and Coughlin 
(4,5), equation (11-43). The porosity so calculated is 
corrected as a function of time and temperature given in
Chapter IV.
Pellet radius. The overall pellet radius is expressed 
by equation (IV-30):
3 m .
r = (r. tA t -) (IV-30)s Airpt(l-TT)
where
»p - . o [ 1 - X  (1+ ^ »  (V-35)
with mQ being the initial pellet mass and is the true
density of the solid material of which the pellet is composed,
given by:
(1-X)]\ + XfL
Pt = (1-10 ̂  x'Mp (V_36)
PB PD
e is the overall pellet porosity obtained by integration of
the local porosity over the pellet volume.
Grain porosity. The grain porosity, e', is probably
a very small quantity, especially since the unreacted grain
is assumed to be nonporous and the reaction results in a
product that requires more volume than the reactant. In
the present work, it will be assumed negligible. There was
no method with the available equipment to measure it
experimentally.
External mass transfer coefficient. There are several
correlations available for estimating the external mass
transfer coefficient, k . Perhaps the most widely used
mA
is that first suggested by Chilton and Colburn (8) who 
plotted a factor, j^, as a function of the Reynolds number, 
with:
\  p« vf 2/3 2r G
Jd '  ( v ' 3 7 >f m i
where: = density of the gas mixture, mass length-3
G = mass flux of gas, mass length-2 time-1 
= gas viscosity, mass length-1 time” 1 
= molecular diffusivity of gas reactant, length2 
time” 1
Summarizing all data available to 1960, De Acetis and Thodos
(9) showed that:
‘ —  T 7 J .   <v-38>_ s _  0.41 _ 
uf
This method for estimating k is mentioned in several
mA
sources (3,10,11).
Many investigators have used a correlation first 
presented by Froessling (12) and later by Ranz and Marshall
(13):
N , = 2.0 + 0.6 N 1/2 N 1/3 (V-39)Sh Re Sc
2r k s m^
where: N„, = —    = Sherwood numberSh Dm
2r G
N = — ——  = Reynolds number Re yf J
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N = ----- = Schmidt number
Others have used this form of correlation, with slight 
differences only in the coefficients and the exponents.
Hughmark (14), in summarizing the data of many workers, 
used the above correlation form, with different coefficients 
and exponents depending upon the values of the Reynolds 
and Schmidt numbers.
When the Reynolds number is very small, the effect of natural 
convection can become significant enough to affect the mass 
transfer characteristics of the system. As such, Steinberger 
and Treybal (15) suggested the following to allow for 
natural convection effects:
(V-40)
where: N = 2.0 + 0.569 (N N_ )°'25 for (Np Nc ) < 108Sll CjT be br bCo
(V-41)
NSh ■ 2-° + °-0254 (NGr HSc)1/3 Nsc°'2440
f°r ®Gr Nsc> » 108 
(V-42)
N is the Grashof number: Gr
(V-43)
\diere: g = local acceleration due to gravity, length time-2
Pq = density of non-reactive gas components, mass
length” 3
If the Grashof number is not significantly larger than the 
Reynolds number, the above correlation reduces to the 
same form as that given by Froessling and others.
Pellet effective diffusivity. Most correlations for 
the pellet effective diffusivity are of the form:
D = D e x .  (V-44)
eA fA A
and
D =  -------------------------------------------- (V-45)
A JL +
where: = Knudsen diffusivity
is.
e = pellet porosity 
= tortuosity factor 
Methods for evaluating and are well established (10). 
Various options have been proposed for evaluation of the 
tortuosity factor.
One option is to assume a constant tortuosity 
factor during the entire course of a reaction. Investigators 
have reported values of from 1.5 to 10 (3). Application 
of the parallel cross-linked pore model results in a constant 
tortuosity factor of 3 (16). Other models result in constant 
values of 2 and ^3 (17). Satterfield (17) suggests the 
assumption of a constant tortuosity factor of between 2 and 
6 in the absence of diffusion measurements.
However, it is more likely that the tortuosity factor 
will increase during the course of a reaction due to the 
effects of conversion and/or sintering on the porosity.
As such, models that allow the variation of with porosity 
are important. Wakao and Smith (18) presented the random 
pore model which concluded that A later presenta­
tion by Ramachandran and Smith (1) stated that sintering 
resulted in much greater variations in the tortuosity 
factor than those predicted by the random pore model. They 
suggested a method of varying based on experimental 
determinations of the pellet effective diffusivity. However, 
another way of accomplishing the same thing is to assume that:
x = —  (V-46)f Ye
where y > 1.0. The larger y is, the more variation in 
is noted. Wen (19) suggested that y varied between 1.0 and 
2.0. Thus, using equations (V-44) and (V-46), a radial 
porosity profile results in a radial pellet effective 
diffusivity profile.
Grain diffusivity. The grain diffusivity, D 1, is
eA
very difficult to estimate. The predominant diffusion 
mechanism in a grain is probably solid state diffusion as 
grain porosity is very small. Very little is understood about 
solid state diffusion; therefore, predictive methods are at 
best gross approximations (10). If solid state diffusion can 
be considered an activated process, it can be modelled by
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an Arrhenius-type relationship (10). Kingery et_al. (20) 
reported diffusivities on the order of 10-10cm2/sec for oxygen 
in MnO at 1000°C.
Model Applicability
The above procedures for parameter evaluation allow 
for a radial dependence whenever possible and consider the 
effects of both reaction and sintering. Therefore, by 
incorporating these into the model equations, the radial varia­
tions of the parameters affected by changing solid properties 
will be considered, along with the effects of both reaction 
and sintering. Only the parameters characterizing the 
grains will have to be estimated roughly and considered 
essentially constant.
The model equations have been written in as general a 
form as possible with very few simplifying assumptions.
Thus, the model presented here is more general than any of 
the previous gas-solid reaction models which consider 
variations in the solid physical properties. With knowledge 
of the surface area and porosity variations of the solid 
material with respect to time and temperature, the above 
model should be applicable to any gas-solid reaction 
system in which a single reaction is occurring.
Numerical Solution Procedure
The numerical solution procedure used by both Gibson
(21) and Ranade (22) has been adapted for this work.
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The gas phase material balance was solved by using finite 
difference approximations and a modification of Gaussian 
elimination. Solution of the solid phase material balance 
(which is used to increment in time) was effected by 
utilizing Hamming’s predictor-corrector method with a fourth- 
order Runge-Kutta initiator. A discussion of these 
numerical techniques can be found in Carnahan et al. (23).
The procedure, in general, is as follows:
(A) The gas phase material balance, with the 
appropriate boundary conditions, is solved at initial con­
ditions to give the initial reactant gas concentration 
versus pellet radial position profile.
(B) The solid phase material balance is solved with 
the appropriate initial conditions, thus incrementing with 
time. The result of this calculation is the local fractional 
conversion versus radial position profile at the new time 
step.
(C) The model parameters are updated as a function of 
time and radial position.
(D) The overall fractional conversion is obtained by 
integrating the local fractional conversion profile with 
respect to the pellet volume (using Simpson's rule).
(E) If the desired overall fractional conversion is 
reached, the procedure is stopped. If not, the gas phase 
material balance is solved using the new values obtained in 
steps (B) and (C). Steps (B) through (E) are repeated until
185
the desired overall fractional conversion is reached.
Complete program listings are given in Appendix D.
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CHAPTER VI
THE REACTION OF HYDROGEN SULFIDE GAS WITH SOLID MANGANOUS OXIDE:
OVERALL CONVERSION-TIME DATA
In order to test the gas-solid reaction model developed 
in the previous chapter, it was necessary to obtain experimental 
data on a test reaction for comparison. The reaction studied 
was:
MnO(s) + H2S(g) MnS(s) + H20(g) (VI-1)
The reasons for choosing this system were discussed in 
Chapter I.
The experimental program undertaken on this reaction 
system had a twofold purpose: first, to obtain the kinetic 
parameters of the reaction for inclusion in the proposed 
model; and second, to obtain conversion-time data for comparison 
with that predicted by the model. The purpose of this chapter 
is to present and discuss the data so obtained. General 
trends in the overall conversion-time data will be discussed. 
This will be followed by a brief discussion of reaction order 
and stoichiometry. Attempts to obtain the kinetic parameters 
for the reaction from runs utilizing manganous oxide powder 
will be the subject of a brief section concluding this 
chapter. These attempts were unsuccessful. Chapter VII will 
be devoted to a discussion of the initial reaction rates and 
early conversion-time data obtained with MnO pellets, while 
Chapter VIII will compare experimental time-conversion
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results to model predictions.
Conversion Versus Time Behavior-The Reaction of H2S with MnO 
Pellets
In this section, the general trends noted in the conversion 
versus time behavior of the reaction between H2S and MnO 
pellets will be discussed. Table VI-I summarizes the 
experimental data. This table presents the various parameters 
that may possibly affect reaction behavior, notable tempera­
ture, initial particle radius, initial porosity, reactant 
gas (H2S) concentration, and initial specific surface area.
In the present study, the gas volumetric flow rate in each 
run was the maximum possible for suitable TGA operation,
1000 cm3/min (STP), chosen to minimize external mass transfer 
effects as much as possible. The data are listed in order 
of first, increasing temperature, and then, increasing reactant 
gas concentration at each temperature. The effects of these 
variables will be considered in the following discussion 
of conversion-time behavior, along with the effects of pellet 
sintering. As mentioned previously, sintering affects the 
surface area, porosity, and radius of the pellet. The table 
also summarizes the time to reach various MnO conversion 
levels and the maximum conversion obtained for each run. This 
information will enhance the following discussion. Appendix B 
presents complete conversion-time data on all runs while 



























































128 0.156 0.707 132.5 1.0 2.53 1.1 2.9 8.5 29.2 47.2 40
114 0.204 0.751 132.5 1.0 2.58 1.5 3.4 8.2 21.3 51.0 -- 70.3 92
115 0.184 0.742 132.5 1.5 3.86 0.8 2.8 13.4 73.0 -- -- 42.4 90
135 0.168 0.672 47.2 1.5 3.86 8.4 46.0 -- -- __ -- 10.8 55
111 0.175 0.743 132.5 2.0 5.15 0.5 1.2 3.6 12.8 31.5 79.5 82.0 90
127 0.176 0.739 132.5 2.0 5.15 0.6 1.5 4.4 19.5 51.0 -- 63.5 60
134 0.192 0.705 47.2 2.0 5.15 1.7 10.5 -- -- -- — 18.1 60
109 0.175 0.727 132.5 1.0 2.13 0.6 1.0 2.4 8.1 19.2 38.9 89.4 80(S)
121 0.187 0.749 132.5 1.0 2.13 0.6 1.1 2.5 7.2 16.7 33.0 91.5 60(S)
129 0.152 0.738 132.5 1.0 2.13 0.4 0.8 2.2 5.9 12.2 22.0 95.7 41(S)
132 0.161 0.676 47.2 1.0 2.13 0.6 1.7 4.3 18.0 -- -- 57.5 55
108 0.167 0.745 132.5 1.5 3.19 0.4 0.9 2.3 6.4 13.5 25.8 94.8 64(S)
123 0.172 0.725 132.5 1.5 3.19 0.6 1.2 2.8 8.9 18.5 36.2 92.6 70(S)
107 0.195 0.723 132.5 2.0 4.25 0.4 0.9 2.2 6.6 14.3 28.5 88.3 47(S)
117 0.175 0.706 132.5 2.0 4.25 0.4 0.8 2.0 6.3 13.3 27.8 92.9 61(S)
133 0.174 0.707 47.2 2.0 4.25 0.5 1.1 2.9 9.9 30.0 78.5 90
152 0.132 0.254 13.2 2.0 4.25 13.0 57.0 -- — -- -- 11.4 77
145 0.166 0.700 47.2 1.0 1.81 0.7 1.6 4.0 11.3 22.0 37.5 94.4 65(S)
137 0.170 0.682 47.2 1.5 2.72 0.5 1.1 2.5 6.7 14.0 27.0 95.4 64 (S)
136 0.185 0.713 47.2 2.0 3.62 0.4 0.8 1.9 5.1 10.6 20.8 93.0 55(S)
105 0.169 0.707 132.5 1.0 1.58 0.6 1.4 3.5 11.0 23.7 45.0 97.4 90(S)
124 0.176 0.708 132.5 1.0 1.58 0.7 1.5 3.5 -- -- -- 30.2 6 *
146 0.154 0.647 47.2 1.0 1.58 0.6 1.2 3.1 8.2 15.9 31.0 96.4 67 (S)
104 0.172 0.709 132.5 1.5 2.36 0.2 0.6 1.7 5.4 12.3 24.5 90.4 37 (S)
116 0.182 0.714 132.5 1.5 2.36 0.4 0.9 2.6 8.2 18.5 38.5 91.8 75(S)
126 0.183 0.771 132.5 1.5 2.36 0.3 0.5 1.2 3.4 6.8 12.2 95.3 30(S)
131 0.171 0.714 47.2 1.5 2.36 0.5 0.9 1.9 4.9 10.3 20.3 93.8 35 (S)
106 0.156 0.709 132.5 2.0 3.15 0.3 0.5 1.3 3.8 8.0 13.5 96.3 25 (S)
122 0.180 0.758 132.5 2.0 3.15 0.3 0.6 1.3 3.6 7.5 14.6 96.5 31(S)
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500 130 0.171 0.692 62.1 2.0 3.15 0.3 0.6 1.5 4.2 9.4 18.3 95.9 35 f S3
500 140 0.155 0.615 24.7 2.0 3.15 0.4 0.9 2.1 6.8 17.8 37.0 98.5 90(S)
500 154 0.171 0.608 13.0 2.0 3.15 0.5 1.0 2.3 6.3 14.0 29.5 98.2 80(S)
500 149 0.129 0.295 11.3 2.0 3.15 2.6 -- -- -- -- -- 6.8 15(S)
600 120 0.205 0.723 132.5 1.0 1.40 0.9 2.4 9.6 -- -- -- 33.5 100
600 148 0.198 0.676 47.2 1.0 1.40 0.8 1.6 4.0 12.4 30.4 -- 77.4 85
600 125 0.170 0.739 132.5 1.5 2.09 0.3 0.7 2.1 9.8 37.5 -- 72.2 62
600 139 0.158 0.690 47.2 1.5 2.09 0.3 0.5 1.1 3.1 6.2 12.3 97.4 30(S)
600 119 0.182 0.754 132.5 2.0 2.79 0.4 0.7 1.8 8.7 41.5 80.0 86.7 95
600 138 0.189 0.695 47.2 2.0 2.79 0.3 0.5 1.2 3.5 7.8 17.0 96.5 51(S)
600 153 0.137 0.259 13.2 2.0 2.79 -- -- -- -- -- -- 2.4 20{S)
700 110 0.179 0.739 132.5 1.0 1.25 0.7 3.7 23.0 86.0 200.0 -- 63.3 230
700 118 0.193 0.750 132.5 1.0 1.25 1.0 5.6 34.2 114.0 -- -- 44.4 155
700 143 0.196 0.680 47.2 1.0 1.25 0.6 1.6 4.7 22.0 84.0 -- 73.6 155
700 113 0.202 0.720 132.5 1.5 1.88 30.0 63.0 -- -- -- -- 18.4 115
700 142 0.164 0.645 47.2 1.5 1.88 0.3 1.0 6.1 24.0 67.0 -- 60.4 70
700 112 0.192 0.723 132.5 2.0 2.50 4.5 36.0 80.6 -- -- -- 28.9 215
700 141 0.185 0.699 47.2 2.0 2.50 0.3 0.7 2.1 8.9 39.0 -- 66.7 65
800 147 0.244 0.753 132.5 1.5 1.70 14.7 __ __ __ ___ __ 6.6 29
800 150 0.194 0.716 47.2 1.5 1.70 0.5 1.9 17.0 -- -- -- 33.4 65
Gas Volumetric Flow Rate * 1000 cm3/niin(STP) for all runs 
(S) - reaction completed, dw/dt * 0 
* - run aborted, recorder problem
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the experiments.
Effect of temperature. Figure VI-1 compares the conversion 
versus time behavior as a function of temperature. In all 
cases, the mole fraction of H2S in the gas stream was 0.015, 
which was the intermediate mole fraction used in the present 
study. All pellets were untreated so that their specific 
surface area was 132.5 cm2/mg, as discussed in Chapter IV.
The pellets were all of roughly the same porosity and same 
pellet size (except for the 800°C run, for which the pellet 
was purposely bigger because of the severe sintering and 
resulting pellet shrinkage expected at that temperature).
Up to 500°C, the conversion versus time behavior was 
as expected. Increasing the temperature resulted in an 
increase in the rate of reaction and the attainment of higher 
conversions in shorter times. However, above 500°C, the 
trend was reversed. At 600°C and above, slower reaction 
rates and much lower conversions were attained in given time 
periods (especially at 700°C and 800°C). The initial rate of 
reaction at 600°C was intermediate between the initial rate 
noted at 300°C and 500°C, but as time proceeded, conversion 
levels for a given time were lower than at even 300°C. And, 
at 700°C and 80Q°C, conversions for a given time did not 
even approach those observed at 200°C.
It should be noted, also, that essentially complete reaction 
was obtained only at 300°C and 500°C but that, at 200, 600, 
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Figure VI-1, The Conversion of MnO Particles for a MnO/H2S Reaction as a Function of Time and
Temperature
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aborted, although always at a very slow rate. At 800°C, the 
maximum conversion to product was 6.5% at 29 minutes, after 
which a slight weight decrease was noted, possibly due to 
reduction of MnO to elemental Mn at this temperature. Another 
important point is that although the H2S mole fraction was 
constant in the runs considered above, the H2S concentration 
decreased as temperature increased. The H2S concentration 
ranged from 3.86 x 10_t+ mg moles/cm3 at 200°C to 1.70 x 10-i+ mg 
moles/cm3 at 800°C.
To emphasize the trends noted, the data plotted in 
Figure VI-1 is plotted again in Figure VI-2 as conversion
versus temperature for reaction times of 5, 20 and 60 minutes.
The maximum conversion at a given time was always noted at 
500°C with higher temperatures exhibiting a significant 
decrease in conversion level attained. As the reaction time 
increased, the difference between the conversion level 
attained at 500°C and that at 300°C decreased, although the 
500°C level was always higher. There was also a slight
increase in conversion noted at 800°C over 700°C at both
5 and 20 minutes. However, the reaction at 800°C died off 
completely while the pellet for the 700°C run was still 
reacting slightly when the run was aborted.
Similar behavior with respect to temperature was noted 
at H2S mole fractions of 0.01 and 0.02, when comparing pellets 
of similar porosities and radii. A plot of conversion versus 
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Figure VI-2, Fractional Conversion of MnO as a Function of Temperature for Various Reaction Times,
H2S Mole Fr, = 0,015 195
with two mole percent H2S concentration is given in Figure
VI-3.
It is possible that the lower conversion levels obtained 
at temperatures above 500°C were due largely to the increased 
rate of sintering which causes large variations in the pellet 
properties, as discussed in Chapter IV. Other possible 
reasons for this behavior at elevated temperatures are slight 
reversibility of the reaction and/or reduction of MnO.
Reactions were also carried out with pellets that had 
been presintered so that the initial solid properties of these 
were different from those of the untreated pellets. The 
effect of temperature on conversion versus time for presintered 
pellets is shown in Figure VI-4. In this situation, the 
fastest overall rate of reaction was at 600°C with the slowest 
at 200°C. The rates of reaction at 700°C and 800°C were 
intermediate between those at 200°C and 400°C. This is in 
contrast to the effect of temperature on unsintered pellets 
in which the fastest reaction rate was noted at 500°C with 
those at 700°C and 800°C below that of 200°C.
It should be remembered that the presintered pellets were 
exposed for 25 hours at 600°C so that additional sintering 
during the reaction was important only for reactions above 
600°C. These two series of runs showed the importance of 
sintering in that in each case, the reaction rate increased 
with increasing temperature until sintering became important, 
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Figure VI-3, Fractional Conversion of MnO as a Function of Temperature for Various Reaction Times,
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sintering was less severe at 700°C and 800°C as the pellets 
were pretreated at 600°C. Thus, the decrease in reaction 
rate at 700°C and 800°C was not as drastic as that noted for 
untreated pellets. The effects of sintering on conversion 
versus time behavior will be detailed in a later subsection.
Effect of Concentration. The effect of bulk H2S con­
centration on the conversion versus time behavior is shown 
in Figures VI-5 and VI-6 at 500°C and 700°C, respectively.
At 500°C, the behavior was as expected— the higher the H2S 
concentration, the faster the rate of reaction. The pellets 
were of roughly the same size and porosity, although Run 122 
utilized a pellet with a slightly higher porosity than the 
others. Similar behavior was noted at all other temperatures 
except 700°C.
The 700°C results are shown in Figure VI-6. At this 
temperature, the maximum conversion and fastest rate of reac­
tion were noted at 1.0 mole percent H2S and the lowest rate 
at 1.5 mole percent H2S with 2.0 mole percent H2S exhibiting 
intermediate behavior. All pellets had essentially the same 
initial specific surface area and were of approximately the 
same size. However, the pellet reacted with 1.0 mole percent 
H2S had a slightly higher porosity than the others (0.75 
compared to 0.72). This may have contributed to its exhibiting 
a higher conversion. Again, it should be noted that the 
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Figure VI-6. The Conversion of MhO Particles for a M 1O/H2S Reaction as a Function of Time and H2S
Concentration, T = 700°C
A complete reaction study at 800°C was not attempted as 
such high temperatures and a corrosive atmosphere quicken the 
destruction of the thermocouples used in the thermogravimetric 
analyzer. Thus, the conversion versus time behavior at 
800°C (where sintering is very severe) as a function of H2S 
concentration was not determined.
Effects of Pellet Properties. An analysis of the con­
version versus time behavior as a function of pellet properties 
was made possible by utilizing the presintered pellets 
available as a result of the sintering work discussed in 
Chapter IV. By using pellets that were sintered for 25
hours at 600°C, it was possible to study the effect of lowering
the pellet specific surface area by about 60% (132.5 cm2/mg 
to 47.2 cm2/mg) and lowering the porosity by 8% (an average 
of 0.735 versus an average of 0.675).
Two vastly different trends were noted. At the lower
temperatures (200°C to 500°C), the effect of lowering the 
surface area and porosity was to lower the rate of reaction 
and to prolong the time required to reach a given conversion. 
This can be seen in Figure VI-7 for a temperature of 500°C 
and an H2S mole fraction of 0.015. This same tendency was 
noted at all H2S concentrations and all temperatures at or 
below 500°C.
An interesting situation occurred when studying the effect 
of pellet properties at 300°C for an H 2S mole fraction of 
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presintered pellet chosen had essentially the same porosity. 
Thus, the effect of lowering surface area alone while main­
taining an essentially constant porosity could be discerned. 
The conversion-time data for the two pellets is shown in 
Figure VI-8. It can be seen that the effect of lowering the 
surface area alone results in slower reaction rates.
However, the exact opposite effect was seen at 600°C 
and above. Figure VI-9 is a plot of conversion versus time 
for two pellets of different physical properties at 600°C 
and 0.02 mole fraction H2S. In this case, the faster rate 
of reaction was noted for the pellet exhibiting the lower 
surface area and porosity. The pellet sizes were essentially 
the same. Essentially complete conversion was attained by 
the presintered pellet in 50 minutes while the unsintered 
pellet was still slowly reacting at 95 minutes of exposure 
where its conversion was only 86.5%. Similar behavior was 
observed at other concentrations for 600°C and for runs made 
at 700°C. However, at 700°C, neither sintered nor unsintered 
pellets ever reached complete conversion in a reasonable 
period of time (the longest run at 700°C was 230 minutes).
A complete study of the effect of pellet physical 
properties on conversion versus time behavior was made only 
at 500°C for an H2S mole fraction of 0.02. In this case an 
untreated pellet and three pellets that had been presintered 
under different conditions were reacted. The behavior noted 
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properties of each pellet after sintering are given in 
Table VI-II. In general, the lower the values of the 
specific surface area and porosity, the slower the rate of 
reaction and the longer the time period to reach complete 
conversion. Unfortunately, it was not possible to keep the 
other pellet properties constant in this study. For example, 
the pellet radius varied considerably (from 0.180 to 0.129 
cm.) .
Complete conversion was attained for each case except 
the lowest porosity run in which case the reaction died off 
completely after 20 minutes of reaction time at 6.8% con­
version. The initial porosity was so low in this situation 
that reaction on the pellet surface probably resulted in 
complete pore closure.
The effect of very low porosities on the rate of reaction 
was considered by reacting two such pellets with a gas 
mixture of 0.02 mole fraction H2S, one at 300°C and the other 
at 600°C. Hie conversion-time data is shown in Figure VI-11. 
In each case, the initial porosity was about 0.25. By 
utilizing the Hartman-Coughlin correlation, equation (11-43), 
that relates porosity to fractional conversion, it was 
determined that, for the present system, complete closure 
of the pellet (zero porosity) would result whenever the local 
fractional conversion reached 0.57. At 600°C the H2S tends 
to react immediately at the surface, thus producing complete 
closure at the overall conversion level of 2.4%. In contrast,
TABLE VI-II
PROPERTIES OF PRESINTERED PELLETS REACTED WITH H2S AT 500°C
Sintered Pellet Properties
Run No. Sintering Temp., °C Sintering Time, hr. Radius, cm Porosity Surface Area
122 Untreated Pellet 0.180 0.758 132.5
130 600 5 0.171 0.692 62.1
140 700 3 0.155 0.615 24.7
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at 300°C the reaction never totally stopped but had reached 
only 11.4% when the run was aborted after 77 minutes of 
reaction time. At this lower temperature, the intrinsic 
reaction rate was much slower, thus allowing diffusion of 
reactant gas into the pellet interior before reaction occurred.
Maximum Attainable Conversion. Essentially complete 
conversion was attained in all runs made at 400°C and 500°C 
(except for Runs 124 and 151 which were intentionally stopped 
and Run 149 where the initial porosity was extremely low).
Complete conversion was also experienced at 300°C for runs 
utilizing untreated pellets and at 600°C for runs using 
presintered pellets (except for Runs 148 and 153). The time 
for complete conversion was essentially a function of H2S 
concentration, i.e., the higher the concentration, the 
shorter the time necessary for complete conversion of solid 
reactant. This trend can be seen by examination of the informa­
tion on maximum conversion given in Table VI-1.
In all other cases, except for Runs 149 and 153 where 
the initial porosity was extremely low and which were discussed 
previously, the reaction was stopped before complete conversion 
because the rate of reaction had decreased to a very low 
value. It is possible that these reactions might have reached 
completion if they had been allowed to proceed for a sufficiently 
long time period.
Reaction Order and Stoichiometry
Westmoreland etal. (1) have previously determined the
2 1 2
reaction of MnO with H2S to be first order with respect to H2S 
concentration. Confirmation of this was not possible in the 
present study as, in most cases, the initial rate of 
reaction was determined largely by the rate of external mass 
transfer. Discussions in Chapter VII will verify this point.
If external mass transfer is the controlling resistance, 
plots of initial reaction rate versus bulk reactant gas con­
centration should yield straight lines no matter what the 
reaction order, provided that the mass transfer coefficient 
is constant.
Stoichiometry was verified by X-ray diffraction and 
total weight change for reactions which went to completion 
(i.e., the weight of the solid pellet was no longer changing 
when the rim was stopped). X-ray diffraction, as noted 
previously, proved that the only solid product of the reaction 
was MnS. For those reactions which went to completion, the 
weight change noted was always essentially the same as that 
predicted assuming the stoichiometry given by equation (IV-1).
In Table VI-I, it can be seen that those reactions which went 
to completion always exhibited conversions of above 90%
(except, obviously, for Runs 149 and 153). Thus the stoi­
chiometry assumed in equation (VI-1) is correct.
Determination of Kinetic Parameters-Powder Runs
It has been mentioned several times in this work that the 
three major resistances in a gas-solid reaction system are
external mass transfer, internal diffusion (which, for the 
grain model, is divided among pellet diffusion and grain 
diffusion), and chemical reaction. In order to determine 
the kinetic parameters of a reaction, it is necessary to 
separate the effects of mass transfer and internal diffusion 
so that the chemical reaction step may be isolated. Internal 
diffusion should be eliminated for runs using solid powders 
if one considers only initial rates of reaction where the 
effects of this resistance are negligible. Mass transfer 
resistance is conceivably eliminated by employing high gas 
flow rates and small sample sizes. Szekely et al. (2) 
state that experiments using fine powdered samples and high 
gas velocities are preferable for the determination of 
kinetic parameters.
Thus, the initial portion of this reaction study dealt 
with the reaction of hydrogen sulfide gas with manganous 
oxide powder with the objective of isolating the intrinsic 
kinetic parameters. The basic idea was to find the ratio of 
sample size to gas flow rate below which external mass transfer 
resistance was negligible at the highest temperature of 
interest. Since this resistance would be most pronounced 
at this high temperature, working below this given ratio at 
any lower temperature would also result in the elimination 
of mass transfer resistance. The temperature chosen as the 
maximum for this portion of the kinetic study was 500°C, 
as above this temperature the effects of sintering were
severe and would greatly affect the reaction behavior.
However, it was determined that one could never eliminate 
external mass transfer resistance within the limitations of 
the TGA for the present reaction system. From the data 
collected, it was obvious that gas flow rates above 1000 cm3/min 
STP and sample sizes of the order of 1 to 5 mg were necessary 
in order to eliminate external mass transfer resistance.
This was true at every temperature down to 300°C. However, 
such conditions resulted in excessive noise and often 
unreadable traces from which no useful information could be 
obtained. Thus, external mass transfer resistance could not 
be eliminated this way and runs employing MnO powder were 
abandoned. A suitable rate constant expression was obtained 
from runs utilizing MnO pellets, as will be detailed in 
Chapter VII.
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Previous discussions of the experimental data obtained 
for the reaction of hydrogen sulfide gas with spherical 
manganous oxide pellets have dealt only with the overall 
conversion-time results. In the present chapter, discussions 
will center on the initial rate of reaction and early 
conversion-time data (i.e., the conversion versus time 
behavior from zero to twenty percent conversion of solid 
reactant). This initial data will be compared to the pre­
dictions of the constant property grain model for those runs 
for which the temperature was equal to or less than 500°C. 
Initially, before property variations become sizeable, the 
agreement between experiment and model predictions should 
be close. Above this temperature, the effects of sintering 
will probably negate the effectiveness of the constant 
property grain model in describing even initial behavior.
Also, for low temperature runs, the effects of conversion 
on the solid properties will prevent the predictions of the 
constant property model from reflecting the true behavior 
of the reaction system as reaction time and solid conversion 
increase.
Thus, in this chapter, the initial conversion-time data 
noted experimentally for reactions in the low temperature range 
(200°C to 500°C) will be compared to that predicted by the
216
constant property grain model. In the course of the ensuing 
discussion, the most suitable mass transfer coefficient 
correlation will be chosen and a suitable rate constant will 
be obtained from the initial rate data for the pellet runs.
Initial Grain Model Comparisons
It was first decided to compare the initial experimental 
conversion versus time data to that predicted by the grain 
model utilizing the generally accepted correlations employed 
by other investigators. In estimating the external mass 
transfer coefficient, it was first decided to utilize the 
correlation of Steinberger and Treybal (1) which was a 
useful modification of the correlation of Froessling (2) 
and Ranz and Marshall (3), used by many investigators to 
model external mass transfer between a flowing gas stream 
and a single pellet. However, for the MnO-H2S reaction 
system, the Grashof number was so small that the effect of 
natural convection was negligible and the correlation of 
Steinberger and Treybal gave essentially the same value for 
the mass transfer coefficient as those of Froessling and 
Ranz and Marshall. Thus, the external mass transfer co­
efficient was estimated using the correlation of Ranz and 
Marshall.
The effective diffusivity was evaluated using the random 
pore model (4) discussed in Chapter V. This was equivalent 
to assuming a constant tortuosity factor of about 1.4 as
most pellets had initial porosities of about 0.7. The rate 
constant was determined from the expression obtained by 
Westmoreland et al. (5) for the H2S-MnO reaction:
, / cm1* s „ or>/. -5690/RT ^k (_------.. \ - 0.386 e (VII-1)s (mg mole) (mxn)
The grain diffusion coefficient was arbitrarily made large 
so that this effect was negligible in the model predictions.
It was assumed that the grain diffusion resistance was very 
small at small conversion levels as the product layer is 
just beginning to form. The methods for evaluating the 
other parameters obtainable from experimental data were 
given in Chapter V.
The early conversion-time data for reactions at 200°C to 
500°C was compared to the predictions of the constant property 
grain model. Examples of the results are given in Figure
VII-1. In each case illustrated, as well as in most cases 
not shown, the early experimental conversion time curve was 
higher than predicted by the model. Later generalization 
of the model to include variable solid properties and smaller 
grain diffusion coefficients would tend to reduce the 
predicted values even further.
Thus, modifications in some of the parameter evaluation 
methods were necessary so that the model predictions early 
in the reaction would be at or above that noted experimentally. 
As noted previously, the resistances for the initial rate of 
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Figure VII-1. Initial Conversion-Time Behavior. Comparison of Experimental to Predictions of
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internal diffusion, and chemical reaction. If it is assumed 
that the random pore model is the best possible method for 
estimating effective diffusivity with the available experi­
mental data (most other accepted methods require information 
on the pore size distribution) for temperatures at which 
sintering is unimportant, then larger values of the mass 
transfer coefficient and/or reaction rate constant are 
necessary to effect the desired behavior in the grain model 
predictions. A consideration of the initial reaction rates 
will follow in which changes will be made in the predictive 
methods for these two parameters.
Initial Reaction Rate Considerations-Pellet Runs
Table VII-I summarizes the initial reaction rate data
obtained for the reaction of H2S gas with spherical MnO
pellets at temperatures of 200°C to 500°C. These data will
be utilized to justify changes in the estimation of external
mass transfer coefficient and reaction rate constant. The
initial rate of reaction with respect to the total available
surface area, , is determined using: 
o
(dW/dt)
RA = W S (MW -MW ) (VII-2)
0 0  P R
where: (dW/dt)Q = initial rate of weight change due to
reaction, mass time-1
Wq <= initial pellet mass





























INITIAL RATE DATA FOR THE REACTION OF HjS GAS WITH SPHERICAL MANGANOUS OXIDE PELLETS
Initial Rate,R Initial Rate,R„
Initial WelRht mf> moles M,S 0 mg moles m ,S °
H2S Cone. X 101* Initial Pellet Initial Pellet Initial Specific Charge, (dw/Ht )Q (cm; total ,sur” !“77ea) surf, area)
Fnn t mg moles/cm3  Radius ,cm.  Hass ,mg. Surface Area,cm'"/mg mg/ m l n .    ( m 1 n) _____  (mln)_________
128 2.58 0.156 23.97 132.5 0.21 4.18 x 10'* 4.36 x 10'2114 2.58 0.204 45.88 132.5 0.34 3.45 x 10-? 4.01 x 10'2115 3.86 0.184 34.69 132.5 0.49 6.58 x lO-6 7-3 3 x K T 2135 3.86 0.168 33.42 47.2 0.12 4.74 x 10-f> 2-12 x 10*2
111 5.15 0.175 29.97 132.5 0.62 9.75 x 10“r' 1.01 x 10-*127 5.15 0.176 30. 74 132.5 0.52 8.00 x 10-r’ 8,40 x 10-2134 5.15 0.192 45.31 47.2 0.39 1.14 it 10"5 5.27 x H T 2
109 2.13 0.175 31.91 132.5 0.62 9.07 x 10~6 9.92 x 10"2
121 2.13 0.187 35.48 132.5 0.79 1.05 x 10~s 1.13 x 10'1129 2.13 0.152 19.95 132.5 0.52 1.22 x I0-5 1.11 x 10*1
132 2.13 0.161 29.18 47.2 0.54 2.46 x 10-s 1.04 x 10'1
108 3.19 0.167 25.90 132.5 0.65 1.18 x H T 5 1.15 x lO'1
123 3.19 0.172 30.57 132.5 0.62 9.53 x 10~fi 1.04 x lO"1
107 4.25 0.195 44.49 132.5 1.10 1.17 x io-5 1.44 x 10-1
117 4.25 0.175 34.04 132.5 1.03 1.43 x 10-? 1.67 x 10*1
133 4.25 0.174 33.56 47.2 0.74 2.92 x 10~5 1.21 x lO”1
152 4.25 0.132 37.52 13.2 0.10 1.31 x 10"5 2.94 x H T 2
145 1.81 0.166 30.29 47.2 0.48 2.08 x 10"5 8.57 x 10"2
137 2.72 0.170 33.86 47.2 0.87 3.37 x 10~s 1.49 x 10"1
136 3.62 0.185 39.16 47.2 1.31 4.42 x 10~5 1.91 x 10-1
105 1.58 0.169 30.75 132.5 0.62 7.40 x 10~s 1.06 x 10*1
124 1.58 0.176 34.57 132.5 0.52 7.11 x 10~R 8.37 x 10'2
146 1.58 0.154 27.96 47.2 0.54 2.57 x 10~? 1.14 x 10'1
104 2.36 0.172 31.82 132.5 1.46 2.16 x 10_r’ 2.46 x 10_1
116 2.36 0.182 37.31 132.5 1.05 1.32 x 10~5 1.57 x 10’1
126 2.36 0.183 30.51 132.5 1.39 2.14 x 10_Ci 2.06 x lO’1
131 2.36 0.171 31.03 47.2 1.04 4.41 x 10~5 1.76 x lO'1
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Temperature H2S Ccmc. x 101* Initial Pellet Initial Pellet
*C  Run # mg aoles/cnr Radlu9,cm. Masstmg. _
500 106 3.15 0.156 24.00
500 122 3.15 0.180 30.53
500 151 3.15 0.197 44.53
500 130 3.15 0.171 33.61
500 140 3.15 0.155 31.17
500 154 3.15 0.171 42.73







mg moles H2S 0 
(cm? tntal surf, area) 
(mln)
mg moles H?S 
(cm'' ext. surf, 
(mln)
132.5 1.30 2.54 % IO*5 2.63 x IO"1
132.5 1.37 2 .11 x H T 15 2.10 x IO"1
132.5 1.61 1.70 x in-- 2.06 x IO"1
62.1 1.22 1.64 x IO'5 2.06 x 10_1
24.7 0.94 7.62 x 10-5 1.94 x IO"1
13.0 1.02 1.14 x 10-u 1.72 x IO'1





MWp = molecular weight of solid product, mass 
moles-1
MW = molecular weight of solid reactant, mass 
R
moles- 1
Also included in Table VTI-I is the term which is the
o
initial rate of mass transfer based upon the external surface
area of the pellet:
(dW/dt)
o s P R
where r is the pellet radius, s r
The following is adapted from the work of Ramachandran 
and Smith (6) and Smith (7). This development will consider 
only the initial rate of reaction where both the total 
surface area available for reaction and the external surface 
area for mass transfer are known. At steady state and 
assuming a first order reaction rate with respect to reactant 
gas concentration, the initial reaction rate can be written 
in terms of the surface concentration and the effectiveness 
factor:
R a = k Cc CA n (VII-4)A s S A o o s
where: k «= the reaction rate constant, length4 moles-1s
time- 1
C_ = the initial reactant solid concentration, moles bo
length-3
CA = the reactant gas concentration at the surface of
s
the pellet, moles length 3
n ** effectiveness factor, ratio of reaction rate in 
the entire pellet to that evaluated at the outer 
surface conditions 
The rate of mass transfer from bulk gas stream to pellet surface 
is given by:
‘o A o s
(VI1-5)
where: = the mass transfer coefficient, length time-1
A
C = the bulk reactant gas concentration, molesAo
length- 3




where: Â , = the total surface area of the pellet, length2
Ag = the external surface area of the pellet, length2 
For a spherical pellet, n is given by (7):
1_ . 1 
<f> ' tanh 3<f>s s
(VII-7)
where <|>s is a Thiele modulus for a spherical pellet determined 
from:
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where: pp *■= bulk pellet density, mass length-3
= effective diffusivity of reactant gas A in pellet, 
length2 time-1
eA
If and n are calculated from above (the procedure
s
will be detailed below), then the relative values of the 
three initial resistances noted can be estimated using the 
following expressions:
C A - C aA A
mass transfer resistance - — -— — - (VII-9)Ml L.A
CA -nCA °
diffusion resistance = —  ----- (VII-10)
D r  C ,AO
”CA
chemical reaction resistance ^ = —— — (VII-11)LR C.Ao
where
*MT + *DF + *CR * 1 (VII-12>
Thus, the relative importance of each resistance can be 
obtained. The closer the resistance value to 1, the more 
important that resistance is in controlling initial reaction 
rate.
Utilizing the Ranz and Marshall relationship for mass
transfer in equation (VI1-5) resulted in negative values for
C. in many cases, especially as temperature increased, as As
noted in Table VII-II. Obviously, larger values for the 
mass transfer coefficient are necessary since a negative value
of is physically impossible. Furthermore, equation (VII-9)
s
predicts a relative mass transfer resistance of greater than 
one in such situations (see Table VII-II).
Thus the correlation of Chilton and Coburn (8), later 
generalized by De Acetis and Thodos (9), was used to estimate 
the external mass transfer coefficient. Use of this cor­
relation resulted in mass transfer coefficients about 65 to 
75 percent higher than those predicted by the Ranz and 
Marshall relationship. An increase in the predicted rate 
of external mass transfer and calculation of more suitable
values for C from equation (VII-5) were possible.
s
Utilizing this correlation in equation (VII-5) resulted
in positive C. values in all situations as noted in Table 
As
VII-II. Also much more realistic values for the mass
transfer resistance were obtained, as shown in the table.
It should be noted that in most situations the mass transfer
resistance was quite large, even with the use of this new
correlation, pointing to the importance of obtaining
satisfactory values of the external mass transfer coefficient.
The Chilton and Coburn correlation seems to be most suitable
for this particular system.
Once the mass transfer coefficient is known, equations
(VII-4) through (VII-8) can be used to estimate the
reaction rate constant k . The general procedure is ass
follows: (a) Guess n and use it in equation (VII-4) to
evaluate k using C^ from equation (VII-5); (b) use kg in
s
equations (VII-7) and (VTI-8) to get a new value of n;
TABLE VII-II
UTILIZATION OF DIFFERENT MASS TRANSFER CORRELATIONS - EFFECT ON CALCULATED SURFACE REACTANT GAS CONCENTRATION AND RELATIVE MASS TRANSFER RESISTANCE
cH2Ss x lO^.mg moles/cm3 'J'HT Ch2S8 X 1011 ,mg moles/cm3 '('NT
Temperature From Ran* & Marshall From Ranz & Marshall From Chllton-Cobum From Chllton-Cobum
°C Run I HzSq x lO^.mg moles/cm3 Correlation Correlation Correlation Correlation
200 128 2.58 1.12 0,57 1.70 0.34
200 114 2.58 0.937 0.64 1.56 0.40
200 115 3.86 1.21 0.69 1.21 0.42
200 135 3.86 3.13 0.19 3.42 0.12
200 111 5.15 1.60 0.69 2.99 0.42
200 127 5.15 2.17 0.58 3.34 0.35
200 134 5.15 3.16 0.39 3.92 0.24
300 109 2.13 -0.557 >1.0 0.514 0.76
300 121 2.13 -1.07 >1.0 0.189 0.91
300 129 2.13 -0.567 >1.0 0.557 0.74
300 132 2.13 -0.512 >1.0 0.568 0.73
300 108 3.19 0.232 0.93 1.43 0.55
300 123 3.19 0.469 0.85 1.57 0.51
300 107 4.25 0.163 0.96 1.77 0.58
300 117 4.25 -0.123 >1.0 1.64 0.61
300 133 4.25 1.09 0.74 2.36 0.44
300 152 4.25 3.63 0.15 3.91 0.08
400 145 1.81 0.079 0.96 0.803 0.56
400 137 2.72 -0.292 >1.0 0.962 0.65
400 136 3.62 -0.435 >1.0 1.22 0.66
500 105 1.58 -1.87 >1.0 0.568 0.64
500 124 1.58 0.148 0.91 0.750 0.52
500 146 1.58 -0.179 >1.0 0.602 0.62
500 104 2.36 -1.69 >1.0 0.047 0.98
500 116 2.36 -0.332 >1.0 0.797 0.66
500 126 2.36 -1.20 >1.0 0.292 0.88
500 131 2.36 -0.522 >1.0 0.715 0.70
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HpSs x lO‘+,mg moles/cn 
Temperature r From Rnnz & Marshall
°C Run # H->S0 x 104, mg moles/cm-1 Correlation
500 106 3.15 -0.816
500 122 3.15 -0. 175
500 151 3.15 -0.567
500 130 3.15 -0.185
500 140 3.15 0.242
500 154 3.15 0.361
500 149 3.15 2.00
MT CH^Ss x If)1’*mg moles/cm3 MT










(c) with the new value of ri, re-evaluate k from equations
(VII-5); (d) continue until q and k are constant. Ans
iterative procedure is necessary as n is a function of kg.
A tabulation of the n's, k ' s, and all three resistancess
is given in Table VII-III. It was desired to utilize the
calculated parameters to obtain the functional relationship
of k with temperature. However, in many cases, the relative s
chemical reaction resistance was very small. In such 
situations, it would be very difficult to obtain an accurate 
value for the reaction rate constant. Also, in several 
cases, due to a poor choice of recorder scale, it was 
impossible to determine an accurate initial rate of weight 
change from the TGA recorder output. Thus, it was decided 
to arbitrarily eliminate any data points for which the 
chemical reaction resistance was less than 0.05 and those 
for which an accurate initial weight change rate could not 
be obtained in the determination of the kg versus temperature 
behavior.
Elimination of those points resulted in twelve data 
points for the determination of kg as a function of tempera­
ture. These are plotted in Figure VII-2. Using an Arrhenius 
type relationship, a fit to the data was obtained and the 
following equation was determined:





























THE REACTION OF H2S WITH SPHERICAL MnO PELLETS - EFFECTIVENESS FACTORS, RATE CONSTANTS, AND RELATIVE RESISTANCES
Relative Resistances
Run # Effectiveness Factnr,p Rate Constant kq, cm'VlmR mole)(mln) '1’m t a'nF ’̂CR
128 0.280 4.10 x 10* 3 0.34 0.48 0.18
114 0.274 4.44 x lO'3 0.395 0.44 0.165
115 0.244 6.43 x 10'3 0.42 0.44 0.14
135 0.730 0.79 x 10* 3 0.12 0.24 0.64
111 0.245 7.09 x 10"3 0.42 0.44 0.14
127 0.302 4.15 x lO*3 0.35 0.45 0.20
134 0.534 2.52 x 10~3 0.24 0.36 0.41
109 0.054 0.165 0.76 0.23 0.01
121 0.019 1.57 0.91 0.09 0.00
129 0.064 0.180 0.74 0.24 0.02
132 0.080 0.227 0.73 0.25 0.02
108 0.142 3.10 x 10~2 0.55 0.39 0.06
123 0.148 2.05 x 10~2 0.51 0.42 0.07
107 0.109 2.99 x 10-2 0.585 0.37 0.045
117 0.089 4.57 x 10'2 0.61 0.35 0.04
133 0.270 2.13 x 10~2 0.44 0.41 0.15
152 0.229 2.68 x lO*3 0.08 0.71 0.21
145 0.166 6.99 x 10~2 0.56 0.37 0.07
137 0.110 0.136 0.65 0.31 0.04
136 0.118 0.146 0.66 0.30 0.04
105 0.082 7.42 x 10-2 0.64 0.33 0.03
124 0.103 4.31 x 10'2 0.52 0.43 0.049
146 0.096 0.173 0.62 0.34 0.04
104 0.003 84.3 0.98 0.02 0.00
116 0.061 0.129 0.66 0.32 0.02
126 0.025 1.76 0.88 0.12 0.00
131 0.096 0.307 0.70 0.27 0.03
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Relative Resistances
Temperature,*C Run # Effectiveness Factor,n Rate Constant kg, cmVCmR mole) (mln) " W *DR ♦CR
500 106 0.050 0.247 0.69 0.29 0.02
500 122 0.085 0.126 0.65 0.32 0.03
500 151 0.058 0.156 0.69 0.29 0.02
500 130 0.109 0.118 0.60 0.36 0.04
500 140 0.163 0.107 0.51 0.41 0.08
500 154 0.201 0.127 0.50 0.40 0,10
* 500 149 0.126 2.96 x 10~2 0.18 0.71 0.10
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Figure V1I-2, Arrhenius Plot, Reaction Rate Constant for
H2S-Mn0 Reaction
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A plot of equation (VII-13) is given in Figure VII-2. This
corresponds to an activation energy of 8090 cal/g mole and
a frequency factor of 25.88 cm^/Cmg mole)(min).
The activation energy determined above compares favorably
to those reported by Westmoreland et al. (5) for the reactions
of MnO with H2S (5690 g ^ole  ̂* w* t*1 (5160 cal/g mole),
and ZnO with H2S (7240 cal/g mole). However the frequency
cm4factor for the same reaction is much larger (25.88 7-----=— ry—0 (mg mole)(min)
versus 0.386 7---— ry— r—r).(mg mole)(min)
A plot of the rate constant correlation developed by 
Westmoreland et al. is shown for comparison with the present 
expression in Figure VII-2. The present values are roughly 
5 to 20 times larger. It should be noted that Westmoreland 
et al. (5) worked with reagent grade MnO powder and did not 
consider in detail the problem of eliminating the external 
mass transfer resistance. Large rate constants are consistent 
with the conclusion that external mass transfer is the rate 
controlling step even at temperatures as low as 300°C.
Thus, it was decided to utilize equation (VII-13) for rate 
constant prediction.
Improved Grain Model Comparisons
Utilizing the Chilton-Cobum correlation for evaluation 
of external mass transfer coefficients, equation (VII-13) 
for evaluation of reaction rate constant, and the same methods 
as discussed previously for the other parameters resulted
234
in improved fits of the grain model predictions to the initial 
experimental conversion-time data. The new prediction for 
the runs shown graphically in Figure VII-1 are shown in 
Figure VII-3. Comparison of fits obtained using the original 
parameter evaluation methods and the present methods for 
four other experimental runs are shown in Figure VII-4.
As the values of the external mass transfer coefficient 
and rate constants have increased, obviously the conversion­
time curves predicted by the grain model will be higher.
In most cases, the use of the present correlation methods 
in the grain model results in predictions of conversion versus 
time at or above that noted experimentally. Initially, the 
match to experimental data is usually very good with the 
spread between predicted and experimental values increasing 
as time goes on.
This is certainly the desired situation as the addition 
of variable properties and grain diffusion considerations in 
the proposed model will tend to correct this spread at 
later reaction time. At small conversions, the property 
variations will be small so that only slight decreases will 
be noted. The grain diffusion resistance will presumably 
cause large changes in model prediction at 200°C, where 
this effect is most important, and smaller changes as tempera­
ture increases.
It is rather obvious that increasing the mass transfer 
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Figure VII-4. Initial Conversion-Time Data. Comparison of Experimental Data to Grain Model Predictions 236
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conversion versus time behavior as the mass transfer resis­
tance is so important in most reactions. However, the effect 
of increasing the rate constant is not so obvious as the 
chemical reaction resistance was small in most situations.
Thus,, a separate comparison of the predicted behavior 
changing first the mass transfer coefficient and then the 
rate constant was made for typical runs (different from those 
shown in Figures VII-3 and 4) at each temperature with results 
shown in Figure VII-5. In each case, the new rate constant 
resulted in a recognizeable increase in the model predictions.
Figure VII-5 also compares the grain model predictions 
utilizing the correlations used in the beginning of this 
chapter (Ranz and Marshall external mass transfer coefficient 
correlation and Westmoreland et al. rate constant correla­
tion) and those determined as more suitable (Chilton and 
Coburn external mass transfer coefficient and equation (VII-13) 
for rate constant determination). The improvement in fit 
with the latter correlations is obvious. Thus, the 
Chilton-Cobum correlation for external mass transfer and the 
Arrhenius expression, equation (VII-13), for rate constant 
determination will be used in all of the modelling work to 


































Run #10 4 
T=500°C
Westmoreland 
et al. (5) rate 













Figure VII-5. Initial Conversion-Time Data. Comparison of Experimental Data to Grain Model Predictions. toCO
00
LITERATURE CITED
(1) Steinberger, R. L. and R. E. Treybal, A. I. Ch. E. Journal, 
_6, 227 (1960).
(2) Froessling, M., Beitr. Geophys., ^2, 1970 (1938).
(3) Ranz, W. E. and W. R. Marshall, Jr., Chemical Engineering 
Progress, _48, 141, 173 (1952).
(4) Wakao, N. and J. M. Smith, Chemical Engineering Science,
17, 825 (1962).
(5) Westmoreland, P. R., J. B. Gibson, and D. P. Harrison, 
Environmental Science and Technology, _11, 488 (1977).
(6) Ramachandran, P. A. and J. M. Smith, A. I. Ch. E. Journal, 
23, 353 (1977).
(7) Smith, J. M., Chemical Engineering Kinetics, Second Edition, 
McGraw-Hill Book Company, New York, 1970.
(8) Chilton, T. C. and A. P. Colburn, Industrial and Engineering 
Chemistry, _26» 1183 (1934).
(9) De Acetis, J., and G. Thodos, Industrial and Engineering 
Chemistry, 52_, 1003 (1960) .
239
CHAPTER VIII
COMPARISON OF EXPERIMENTAL RESULTS WITH MODEL PREDICTIONS
In the present chapter, the experimental time-conversion 
results reported in Chapter VI will be compared first to 
the predictions of the constant property grain model and 
then to the variable property grain model proposed in 
Chapter V. In the constant property model section, the 
importance of grain diffusion as a controlling resistance 
will be considered. After discussing those situations 
where the constant property grain model is suitable in 
predicting experimental behavior, attention will shift to the 
predictive capabilities of the variable property grain model. 
This section will begin with a discussion of those situations 
where property changes due to chemical reaction only were 
important, i.e., experimental runs where the reaction tempera­
ture was equal to or less than 500°C. Following this, the 
effects of property changes due to both sintering and reaction 
will be considered. It will be shown that the variable 
property grain model does a better job of predicting experi­
mental results than the constant property grain model in 
such situations. In particular, the variable property grain 
model is capable of predicting reaction slowdown and die-off 
while the constant property grain model can not.
A summary of the results of the comparisons performed 
will conclude the chapter.
240
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Predictive Capabilities of the Constant Property Grain Model 
The methods for evaluating the parameters obtainable 
from experimental data were given in Chapter V. In Chapter 
VII, methods for estimating the external mass transfer co­
efficient and reaction rate constant were chosen. Runs 
representing each of the different experimental conditions 
utilized in the study were chosen for comparison with the 
constant property grain model. Initially, the grain 
diffusion coefficient was chosen to be very large so that 
grain diffusion resistance was negligible. In general, the 
constant property grain model with the parameters estimated 
as above adequately modelled actual reaction behavior only 
at the intermediate temperatures of 400°C and 500°C as shown 
in Figure VIII-1. Temperatures above or below resulted 
usually in the model predicting faster (or much faster) 
reaction than noted experimentally. In fact, even the 
model prediction at 400°C is not that good. Examples of the 
model predictions at 200°C and 700°C are shown in Figure
VIII-2. At the lower temperatures, the failure of the model 
to predict observed behavior is thought due in part to the 
effect of grain diffusion, which was assumed negligible 
in these runs. At the higher temperatures, sintering became 
severe and definitely affected the reaction rate. In both 
cases, the property variations due to reaction, which are 
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The only parameter yet to be considered in the constant 
property grain model was grain diffusion. Only a brief 
study of the effect of grain diffusion on the predictions 
of the constant property grain model was undertaken as a 
complete study was planned for the proposed variable 
property grain model where the allowance of variable solid 
properties could greatly enhance the importance of grain 
diffusion. As noted previously, most investigators have 
observed that the solid state diffusion coefficient exhibits 
an Arrhenius relationship with temperature. Thus, at lower 
temperatures, the grain diffusion coefficient would be 
smaller and the grain diffusion resistance would be larger.
The determination of the most suitable value for the 
grain diffusion coefficient for a given run was by trial-and- 
error. Various values were tried in the model until one was 
found which resulted in a good correlation of predicted 
conversion-time behavior with experimental for an individual 
run. The best value for a given temperature was chosen as 
the logarithmic average of the values determined for each 
of several runs at that temperature. Thus, the predictions 
presented below are of the model using the average value at 
that temperature, which is not necessarily the best value for 
that run.
The results for a typical run at 200°C are shown in 
Figure VIII-3. At 200°C, an average value of 4.8 x 10“9 cm2/min 
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Figure VIII-3. Comparison of Experimental Data to Constant Property Grain Model Predictions, Effect
of Grain Diffusion Resistance, T=200°C
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The figure also shows the model prediction assuming negligible
grain diffusion resistance (D ' = 9.3 x 10“2 cm2/min). It
eA
can be seen that the small value for the grain diffusion 
coefficient does significantly improve the model predictions 
but still the model does not truly represent the experimental
behavior. Specifically, the model underestimates initially
and begins to significantly overestimate as reaction time 
increases. Obviously, the best value for this particular 
run is lower than 4.8 x 10~9 cm2/min. However, a lower 
value would improve the fit at longer time intervals at 
the cost of increasing the initial underestimation.
An average value of D ' = 9.0 x 10"8 cm2/min was
eA
determined at 300°C. The results for a typical run, along 
with the model predictions assuming negligible grain diffusion 
resistance are shown in Figure VIII-4. Again, the addition 
of grain diffusion resistance certainly improves the fit 
of the grain model to the experimental data. However, the 
model with grain diffusion still does not adequately represent 
the experimental data as it underestimates initially and 
overestimates as time goes on.
In general, it can be concluded that the constant property 
grain model can be tuned to give a somewhat better match to 
experimental data taken at temperatures up to 500°C. However, 
above this temperature, there is no possibility that it can 
predict the experimental results observed. Thus, a better 
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Figure VIII-4. Comparison of Experimental Data to Constant Property Grain Model Predictions, Effect
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temperature range (200~500°C) and predicts the behavior 
seen at higher temperatures. The next section will discuss 
the predictions of the variable property grain model.
Predictive Capabilities of the Proposed Variable Property 
Grain Model
In this section, the predictions of the variable property 
grain model introduced in Chapter V will be compared to the 
experimental data collected. As the model is able to 
consider the effects of property changes due to both reaction 
and sintering, the discussion will begin with the model 
predictions for the low temperature runs (200-500°C) where 
property changes are effected primarily by reaction only.
Then, the high temperature runs (600-800°C) will be considered 
where property changes due to both reaction and sintering 
are important. Unless otherwise noted, the random pore model 
was used to predict the pellet effective diffusivity. The 
external mass transfer coefficient was estimated by the 
correlation of Chilton and Cobum, while the rate constant 
was evaluated using equation (VII-13), developed in Chapter VII. 
All other parameters were estimated using methods discussed 
in Chapter V.
Low temperature runs. From 200°C to 500°C, sintering was 
essentially negligible (except at 500°C where it had some 
slight effect which was included in the model predictions) 
so that all property changes that occur were due to the 
differing molar volumes of the solid reactant and product.
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Also, at the lower temperatures, the grain diffusion resist­
ance might be large enough to significantly affect the 
reaction behavior although constant property model analysis 
indicated that it should not be important at 500°C and 
just slightly so at 400°C.
Figures VIII-5 and VIII-6 show the predictions of the 
variable property grain model as compared to experimental 
data collected at 200°C. Figure VIII-5 is for an original 
unsintered pellet while Figure VIII-6 is for a presintered 
pellet treated for 25 hours at 600°C. In this subsection 
and the next one, all presintered pellets discussed were 
sintered for 25 hours at 600°C. Both figures include curves 
representing the constant property model predictions with 
and without grain diffusion resistance and the variable 
property model predictions with and without grain diffusion 
resistance. It can be observed that the addition of 
variable properties with a negligible grain diffusion resistance 
improved the predictive capabilities of the model, but by 
a relatively small degree. The addition of variable properties 
with grain diffusion resistance resulted in reasonably 
close agreement between predicted and experimental results 
for both original and presintered pellets, as shown in the 
figures.
The procedure for picking the best value of the grain 
diffusion coefficient at a given temperature was the same 
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Figure VIII-6. Comparison of Experimental Data to Model Predictions, T=200°C, Presintered Pellet 251
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grain model. The "best" value was chosen as the logarithmic 
average of the values determined for each of several runs 
at that temperature. However, the values determined for 
unsintered pellets were much different than those for 
sintered pellets. Thus, it was decided that different 
values of the grain diffusion coefficient were necessary for 
presintered and unsintered pellets in order to adequately 
fit the data with prediction. An average value of 7.9 x 10-9 
cm2/min for the grain diffusion coefficient seemed to fit 
the data obtained with all unsintered pellets reacted at 
200°C. But, for presintered pellets, the grain diffusion 
coefficient which gave the best fit to the data was 1.4 x 10-9 
cm2/min.
It is difficult to justify different values for the 
grain diffusion coefficient at the same temperature as little 
is truly understood about this effect. However, sintering 
does significantly affect the solid properties on both a macro 
and micro scale. Although grain diffusion is modelled here 
as a solid state diffusion process, it is likely, at least 
in unsintered pellets, that the grains contain cracks and 
fissures which provide an easier diffusion path and a diffusion 
coefficient obtained from experimental data which is higher 
than the true solid state diffusion coefficient. Closing 
of cracks and fissures during sintering would reduce the 
apparent grain diffusion coefficient to a better representa­
tion of the solid state diffusion coefficient. Thus, the
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value reported above for presintered pellets, 1.4 x 10-9 cm2/min, 
is probably closer to the true solid state diffusion coefficient 
at 200°C than the value reported for unsintered pellets.
Figure VIII-7 shows an example of the fit of the variable 
property grain model to experimental data at 300°C for an 
unsintered pellet. Although a large value for the grain 
diffusion coefficient was chosen (resulting in the assumption 
of negligible grain diffusion resistance), it can be seen 
that the prediction of the model falls slightly short of 
the experimental conversion versus time behavior observed.
As this result was general for unsintered pellets reacted 
at 300°C, it was concluded that the grain diffusion resistance 
was negligible for unsintered pellets at 300°C and above.
Only at 200°C was this resistance important.
However it was necessary to pick a small value for the
q r\
grain diffusion coefficient (8.0 x 10 cm /min) to match 
experimental data for runs using presintered pellets reacted 
at 300°C. An example of this is shown in Figure VIII-8.
Thus, grain diffusion resistance was still important for 
presintered pellets reacted at 300°C. In this figure, curve 
(1) presents the prediction of the constant property grain 
model utilizing the same grain diffusion coefficient as for 
the variable property grain model. It can be seen that the 
addition of variable properties with the same grain diffusion 
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Figure VIII-8, Comparison of Experimental Data to Model Predictions, T=300°C, Presintered Pellet
At 400°C, only presintered pellets were reaction. Here, 
an excellent match was obtained when the grain diffusion 
resistance was negligible as shown in Figure VIII-9. Thus, 
at and above 400°C, grain diffusion resistance was negligible 
for both unsintered and presintered pellets. Excellent 
agreement between the variable property grain model prediction 
and experimental behavior was observed at 400°C.
Examples of the model predictions for pellets reacted at 
500°C are shown in Figures VIII-10 and VIII-11. In most 
cases, the variable property model slightly underpredicted 
the conversion versus time behavior, although the fit was at 
least comparable to that of the constant property grain 
model (Figure VIII-10). In several cases, the new model 
resulted in better correlation (Figure VIII-11). There was 
some slight sintering at 500°C, as shown in Chapter IV, 
and this effect was included in the variable property model 
for the unsintered pellet. However, sintering would be 
negligible for tha pellet that had previously been sintered.
It should be realized that the property correlations 
developed in Chapter IV utilized unsintered pellets only; 
they were used in the above model exercises for both unsintered 
and presintered pellets. However, these correlations worked 
well in modelling the reaction behavior of all pellets. Thus, 
the correlations appear suitable for use in any situation.
Therefore, for low temperature runs, the variable 
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very well in all situations. For runs where grain diffusion 
resistance was important, the addition of variable properties 
allowed suitable fit for all conversion levels in most 
situations. The constant property grain model with grain 
diffusion generally seemed to underestimate initially and 
overestimate as time went on. Only at 500°C did the two 
models result in comparable fits. In all other situations, 
the variable property grain model was superior.
High temperature runs. Above 500°C, the effects of 
sintering have previously been shown to cause large variations 
in solid properties. Thus both reaction and sintering should 
be considered in the model above 500°C. However, grain 
diffusion resistance at these temperatures is negligible.
Utilizing the parameter evaluation methods previously 
discussed, examples of the fit of the variable property grain 
model to experimental data taken at 600°C are shown in 
Figures VIII-12 and VIII-13, for an unsintered and presintered 
pellet, respectively. Figures VIII-12 and VIII-14 through 
VIII-17 show three model predictions. In each case, curve
(1) is the prediction of the constant property grain model, 
curve (2) is the prediction of the variable property model 
where, as before, the tortuosity factor is the reciprocal of 
the porosity (the random pore model), and curve (3) is the 
prediction of the variable property model where, as a varia­
tion, the tortuosity factor is the reciprocal of the porosity 
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Figure VIII-13, Comparison of Experimental Data to Model Predictions, T=600°C, Presintered Pellet 262
discussed. Curves (3) will be discussed in a later subsection. 
Although noticeably improved over the predictions of the model 
assuming constant properties, only for the presintered pellet 
was the fit of the variable property model to data very good.
For the unsintered pellet, the model did not adequately 
predict the experimental conversion versus time behavior.
At 700°C, the result for runs employing unsintered 
pellets was the same as that for runs at 600°C with similar 
pellets. An example of the model predictions is shown in 
Figure VIII-14, curve (2). However, in contrast to the behavior 
noted at 600°C where the model satisfactorily predicted 
reaction behavior for presintered pellets, at 700°C, the model 
was not adequate for presintered pellets either. An example 
is shown in Figure VIII-15, curve (2). Again, however, the 
present model is more suitable than the constant property grain 
model. It should be noted that the presintered pellet reacted 
at 700°C was assumed to sinter further during reaction, while 
the presintered pellet reacted at 600°C was not allowed to 
sinter additionally as it had previously been treated for 25 
hours at 600°C.
Data at 800°C are compared to the variable property grain 
model predictions in Figures VIII-16 and VIII-17, curves (2) 
in each figure. In both cases, the model predicts reaction 
die-off although experimentally the reaction ceased completely 
only for the unsintered pellet. Perhaps for the presintered 
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Figure VIII-17. Comparison of Experimental Data to Model Predictions, T=800°C, Presintered Pellet
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The sharp breaks noted in the predicted curves shown in 
Figures VIII-16 and VII1-17 for the variable property grain 
model were due to the prediction of essentially zero porosity 
at the pellet surface. If the porosity is zero, reaction 
ceases as reactant gas can no longer enter the pellet interior 
to react. For the presintered pellet, predicted behavior 
is above that of experimental behavior initially and then 
becomes below that of experimental as reaction time increases, 
although the apparent deviation is magnified because of the 
expanded scale. In the unsintered pellet case the model 
predicts reaction die-off near 11.6% overall conversion while 
experimentally the reaction stopped between 6 and 7% con­
version. The presintered pellet was predicted to react to 
22% conversion, experimentally the reaction was still progressing 
very slowly at 33% conversion. Perhaps the porosity correla­
tions developed for 800°C, which predicted large decreases in 
porosity with sintering, are not that accurate. This possibility 
will be discussed later. The other possibility is surface 
cracks, as mentioned previously.
For high temperature runs, it can be concluded that the 
present model adequately predicts reaction behavior only for 
runs utilizing presintered pellets at 600°C. In all other 
cases, the present model predicts reaction behavior more 
effectively than the constant property grain model but additional 
improvements are certainly desirable. In the next two sub­
sections, ways of possibly improving the model predictions
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will be discussed, involving the effective diffusivity and 
porosity correlations.
High temperature runs-effective diffusivity correlations.
The ability of the random pore model to reliably predict 
effective diffusivities for situations in which sintering is 
severe is certainly suspect. In fact, Kim and Smith (1) 
showed that sintering caused a much larger variation in 
effective diffusivity than could be described by the random 
pore model. They developed a relationship between tortuosity 
and fraction of pores removed during sintering which depended 
upon experimental measurement of effective diffusivity for 
its determination. One way of accomplishing a larger varia­
tion in effective diffusivity than predicted by the random 
pore model is by increasing the exponent of the porosity in 
the equation for the tortuosity factor, equation (V-46). To show 
this effect in the present work, the exponent was increased from 
1.0 to 2.0. This is not to conclude that 2.0 is the best 
value, rather it is chosen to show the effect of such a change 
on the model predictions. In other words, the tortuosity 
factor for pellets reacted under conditions where sintering 
was likely to be severe was chosen to be the reciprocal of the 
porosity squared. At least one previous investigator has 
introduced such a modification to the random pore model. Wen
(2) suggested that the particle effective diffusivity was 
proportional to the porosity raised to an exponent between 2.0 
and 3.0. Thus, the tortuosity factor would be the reciprocal
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of the porosity raised to a power between 1.0 and 2.0.
Using this modification, the range of initial tortuosity 
factors in the present study would be 2 to 25 as the initial 
porosity varied from about 0.7 to 0.2. Essentially the same 
range was noted in overall porosities during an experimental 
run, although local values of the porosity could decrease to 
zero thus resulting in a tortuosity factor of infinity.
Satterfield (3) lists experimental tortuosity factors of various 
investigators of from 1.7 to 16 for pellets of porosities 
ranging from 0.7 to 0.22. He also listed tortuosity factors 
of infinity for pellets of porosities 0.04 and 0.1. There­
fore the values predicted in the present study are acceptable.
In the present study, severe sintering was experienced by 
all pellets reacted at 600°C or above except those presintered 
pellets reacted at 600°C. The predictions which result from 
changing the effective diffusivity correlation in these runs 
is shown in Figure VIII-12 and Figures VIII-14 to VIII-17, 
curves (3).
At 600°C and 700°C, the model predictions with the altered 
effective diffusivity correlations were certainly better but 
the fit was truly satisfactory only for the presintered pellet 
reacted at 700°C (Figure VIII-15). At 800°C, this modification 
resulted in accurate prediction of reaction die-off for the 
unsintered pellet. However, for the presintered pellet, the 
modification resulted in further deviation of prediction from 
actual behavior. This was expected as predicted behavior was
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below actual before, without the new effective diffusivity 
correlation. Possible reasons for this were discussed pre­
viously.
One possible explanation for the problems experienced 
with predicting reaction behavior for presintered pellets is 
that the sintering correlations, which were developed by 
sintering pellets at fixed temperature for varying time 
periods, are not truly applicable for the additional sintering 
of pellets which were originally presintered at totally 
different temperatures. Another possible explanation is that 
the porosity correlations developed in Chapter IV are not 
completely suitable. It should be remembered that the 
porosity correlations were developed by using experimental 
porosities estimated by averaging the porosities of randomly 
picked pellets in a sintered sample. There was a large 
difference in the porosity variations predicted by the cor­
relations at 600°C and 700°C as compared to those at 800°C.
If the porosity decreased more than predicted for unsintered 
pellets reacted at 600°C and 700°C, then the model predictions 
might be better. It is also possible that some of the void 
volume measured experimentally is not accessible to the 
reactant gas. The effect of varying the porosity correlations 
at high temperatures is explored below.
High temperature runs-porosity correlations. In order 
to test the effect of varying the porosity correlations, it 
was decided to utilize the porosity correlations developed
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for 700°C in modelling the 600° runs. Referring to Figures 
IV-6 and IV-10, this change should result in about a 15% decrease 
in porosity due to sintering during the first hour of reaction 
whereas before, the decrease was about 2%. The effect of 
changing the porosity correlations is shown for two runs 
utilizing unsintered pellets at 600°C in Figure VIII-18.
The desired effect was indeed predicted by the model. 
Changing the porosity correlations so that lower porosities 
were predicted slowed the predicted reaction rate to bring 
it more in line with the observed experimental behavior. In 
fact, for Run 119, it brought predicted slightly below 
experimental behavior. Thus, it is certainly possible that 
the porosity correlations developed in Chapter IV are not 
completely reliable. The combined effects of reaction and 
sintering may tend to decrease the porosity near the pellet 
surface more than predicted. If so, it would be much more 
difficult for reaction to proceed at a fast rate due to 
diffusion effects. Therefore, the predicted conversion-time 
curve would be higher than the experimental one.
Very low initial porosities. The presintered pellets 
discussed previously in the chapter were all treated for 25 
hours at 600°C. As mentioned earlier, this resulted in a 
sizeable decrease in specific surface area but less than a 10% 
decrease in porosity from that for unsintered pellets. The 
surface area decreased from 132.5 cm2/mg to 47.2 cm2/mg while 
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Figure VIII-18. Comparison of Experimental Data to Model Predictions, T=600°C, Unsintered Pellets,
Effect of Varying Porosity Correlations
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of 0.675. In Chapter VI and VII, experimental runs employing 
pellets of very low porosities and surface areas (these 
pellets had been sintered under severe conditions) were 
discussed. The range of surface area for these severely 
sintered pellets was 11.3 to 13.2 cm2/mg while the porosity 
range was 0.25 to 0.30. The ability of the variable property 
grain model to predict the reaction behavior of these very 
low porosity pellets is discussed below.
At 300°C, a pellet which had been presintered for 15 
minutes at 800°C was reacted with a gas stream containing two 
mole percent H2S. The pellet had an initial porosity of 
0.254 and an initial specific surface area of 13.2 cm2/mg.
The pellet reacted very slowly but the reaction did not cease. 
Utilizing the grain diffusion coefficient previously decided 
as suitable for presintered pellets reacted at 300°C, 8.00 x 
10~8 cin2/min, the variable property grain model predicted a 
relatively slow reaction rate but still somewhat greater 
than observed. This is shown in Figure VIII-19. Perhaps 
an even lower value for the grain diffusion coefficient is 
justifiable for this pellet sintered under severe conditions. 
Lowering the grain diffusion coefficient to 3.00 x 10“8 cm2/min 
as shown in the figure resulted in even closer agreement 
between predicted and experimental.
No runs with very low porosity pellets were made at 400°C. 
However, runs utilizing very low porosity pellets were made 
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Figure VIII-19. Comparison of Experimental Data to Model Predictions. T=300°C, Very Low Porosity Pellet
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initial porosity of 0.295 and an initial specific surface
area of 11.3 cm2/mg was used. At 600°C» the pellet had an
initial porosity of 0.259 and an initial specific surface
area of 13.2 cm2/mg. In both cases, complete reaction die-off
was noted experimentally. Also in both cases, as shown in 
Figure VIII-20, the model predicted reaction die-off and 
close agreement between prediction and actual behavior was 
noted for the run at 600°C. However, the model predicted 
reaction die-off at a lower conversion than noted experimentally 
for the 500°C run. In fact, the model predicts reaction 
die-off for the 300°C run (Figure VIII-19) when the local 
conversion reaches 0.57. It would be shown if the time 
scale were extended far enough. At high temperatures and 
low porosities, the rapid surface reaction rate should result 
in surface pore closure thereby preventing reactive gas from 
entering the interior of the pellet. The prediction of 
reaction die-off at a lower conversion than noted experiment­
ally for the 500°C run was perhaps due to some cracks in 
the surface of this presintered pellet which allowed for 
more conversion than predicted. It can be concluded that 
the variable property grain model does a much better job of 
predicting actual reaction behavior for pellets of initial 
low porosity than does the constant property model.
Radial Parameter Profiles
As part of the computer output of the variable property 
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grain radius, dimensionless unreacted core radius, dimension- 
less reactant gas concentration, local porosity, dimensionless 
effective diffusivity, local specific surface area, and grain 
density were tabulated at selected overall conversion level 
increments. These profiles were valuable in enhancing the 
understanding of the actual reaction behavior observed. In 
the following subsections the profiles for a low temperature 
(200°C) run, an intermediate temperature (500°C) run, a 
high temperature (700°C) run, a run utilizing a pellet of 
low initial porosity, and an 800°C run are presented and discussed.
Low temperature run profiles. Figures VIII-21 and VIII-22 
show the radial fractional conversion and dimensionless 
reactant gas (H2S) concentration profiles, respectively, for 
a pellet reacted at 200°C at selected values of overall 
conversion. Specifically, these profiles are for Run 111 for 
which the conversion-time curve was given in Figure VIII-5.
The final experimental overall conversion of 0.82 corresponds 
closely to the overall conversion of 0.8 shown in these 
figures. In the previous discussion of overall conversion­
time behavior at 200°C, it was determined that the chemical 
reaction resistance was more important than at higher tempera­
tures. Also, it was necessary to pick a small value of the
grain diffusion coefficient (D * = 7.9 x 10~^ cm2/min) to get
eA
adequate match of model predictions to actual reaction behavior.
Thus, the grain diffusion resistance was also important at 
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Figure VIII-21, Local Fractional Conversion Profiles at Various 
Overall Conversions as Predicted by Variable 
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Figure VIII-22, Dimensionless H2S Concentration at Various Overall 
Conversions as Predicted by Variable Property Grain 
Model, Low Temperature Run
overall conversion level increases, both conversion and 
reactant gas concentration profiles become flatter. This is 
consistent with the previous determination of important 
chemical reaction and grain diffusion resistances at this 
temperature.
Figure VIII-22 also shows the relative importance of 
external mass transfer and pellet diffusion resistance at the 
various conversion levels. The dimensionless reactant gas 
concentration (C) at radial position £ = 1 is actually a 
measure of the surface reactant gas concentration and thus, 
the relative mass transfer resistance. As C approaches 1.0, 
the external mass transfer resistance approaches zero. In 
the figure, it can be seen that C increases and approaches 
one as overall conversion (and thus, reaction time) increases. 
Therefore, the external mass transfer resistance decreases 
as reaction time increases.
The slope of the profiles shown in Figure VIII-22 is a 
measure of the relative importance of the pellet diffusion 
resistance. A large slope implies a large pellet diffusion 
resistance. In contrast, a small slope implies a small 
pellet diffusion resistance, and thus, a larger value for 
the grain diffusion and/or chemical reaction resistance. The 
flatter profiles observed as overall conversion increases 
point to the increased grain diffusion and/or chemical reaction 
resistance as reaction time increases.
As the conversion profiles were relatively flat, it was 
expected that profiles for parameters characterizing the 
solid properties would be relatively flat as the solid 
properties changed with conversion only. Such was the case. 
Examples shown are the profiles for the dimensionless grain 
radius and the local porosity in Figures VIII-23 and VIII-24 
respectively.
Recalling that the grain radius is considered to be a 
function of the specific surface area and grain density as 
given by equation (V-30):
r * = -f- (V-30)s Sp6
the dimensionless grain radius, , is:
S P g
r» = —2— - (VIII-1)c s (t) p (t)
where Sq and pgQ are the initial values of the specific surface
area and grain density, respectively, while S(t) and p (t)S
are the values at time t. Thus, at X = 1.0, the dimensionless 
grain radius is just the ratio of the product of the specific 
surface area and grain density of the solid reactant to that 
for the solid reaction product, as sintering is not important 
at 200°C. At that temperature, therefore, £* = 2.11 at 
X - 1.0. It can be observed that as reaction time increases, 
approaches this final quantity. is larger near the 
pellet surface as conversion is higher there, as witnessed 
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Figure VIII-23, Dimensionless Grain Radius Profiles at Various
Overall Conversions as Predicted by the Variable 
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Figure VIII-24, Local Porosity Profiles at Various Overall
Conversions as Predicted by Variable Property 
Grain Model, Low Temperature Run
profiles observed as reaction time increases imply that the 
grain radius variation across radial position will decrease 
with increased conversion. This trend can be seen in Figure 
VIII-23.
The value of the porosity at 100% conversion can be 
calculated from equation (11-43) as porosity varies only with 
reaction at 200°C. This value is shown on Figure VIII-24 for 
X = 1.0. The same observations made above for the dimension­
less grain radius apply here. The small changes in porosity 
during reaction imply that the particle diffusion resistance 
should not increase much during reaction. It was previously 
concluded that the grain diffusion and chemical reaction 
resistances overshadow the pellet diffusion resistance as 
time increases.
Intermediate temperature run profiles. At 500°C, the 
profiles for fractional conversion and reactant gas concentra­
tion were much steeper. As an example, the local fractional 
conversion profile for Run Number 104 is shown in Figure 
VIII-25. For this case, steep profiles imply that this 
reaction system is controlled by particle diffusion. In the 
previous discussion of conversion-time behavior, the fastest 
rate of reaction and maximum conversions at a given time were 
observed at 500°C. It was determined that grain diffusion 
resistance was negligible at this temperature and that sintering 
had only a slight effect on the solid. Also, the chemical 
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Figure VIII-25. Local Fractional Conversion Profiles at Various 
Overall Conversions as Predicted by Variable 
Property Grain Model. Intermediate Temperature
Run
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Thus, H2S was reacting essentially as soon as an unreacted 
site was reached and the predominant prevailing resistance 
in the system was the particle diffusion resistance.
Most of the property changes in this system were due 
to conversion as sintering had only a slight effect on the 
reaction. Thus, steep conversion profiles should mean steep 
profiles in the parameters characterizing solid properties.
Indeed, for the same run, this was the case as shown for the 
specific surface area (S) in Figure VIII-26 and for the 
dimensionless grain radius (s') in Figure VIII-27. However, 
the slight effect of sintering can be seen in each figure.
In Figure VIII-26, the specific surface areas of both unreacted 
and completely reacted solid decrease slightly with increasing 
overall conversion (increasing reaction time). In Figure 
VIII-27, the grain radii of both unreacted and completely 
reacted solid increase slightly with reaction time due to 
sintering. In Figure VIII-23, the maximum C' expected is 
2.11 while Figure VIII-27 exhibits a C1 of 2.55 at X = 0.9.
This is due to the effect of sintering. In both cases shown 
and for the other solid physical property profiles, the 
significant changes with radial position enhance the importance 
of pellet diffusion resistance for the 500°C reaction.
High temperature run profiles. At 700°C, the combined 
effects of sintering and conversion are thought to cause 
large variations in solid properties with radial position 
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Figure VIII-26. Specific Surface Area Profiles at Various Conversion 
Levels as Predicted by the Variable Property Grain 


























Dimensionless Radial Position, £
Figure VIII-27. Dimensionless Grain Radius Profiles at Various 
Conversion Levels as Predicted by the Variable 
Property Grain Model, Intermediate Temperature
Run
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rates noted experimentally. Also, chemical reaction and 
grain diffusion resistance should be negligible. Thus, 
steep profiles for reactant gas concentration and local 
fractional conversion were again expected due to the effects 
of a significant pellet diffusion resistance. The profiles 
for the dimensionless H2S concentration, shown in Figure 
VIII-28, are quite steep, as expected.
The steep profiles noted above should result in steep 
profiles in the parameters characterizing the solid properties.
These were observed, as exhibited by the local porosity 
profiles in Figure VIII-29 and the dimensionless grain radius 
profiles in Figure VTII-30. The large variations over a 
small portion of the pellet radius emphasize the importance 
of the pellet diffusion resistance at such temperatures. The 
large variations in porosity shown in Figure VIII-29 signify 
the importance of considering the radial gradient in 
effective diffusivity (a function of porosity) in the gas 
phase material balance as discussed in Chapter V. The part 
of the porosity change due to the sintering of the solid can 
best be seen by noting the difference between the porosity 
at X = 0 and the porosity of the unreacted pellet interior 
at the various overall conversion levels. The porosity 
variations due to reaction are much more significant than those 
due to sintering in this case. In Chapter IV, it was con­
cluded that the porosity change due to sintering at 700°C was 
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Figure VIII-28. Dimensionless H2S Concentration Profiles at 
Various Conversion Levels as Predicted by 


















Dimensionless Radial Position, £
Figure VIII-29. Local Porosity Profiles at Various Conversion 
Levels as Predicted by Variable Property 
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Figure VIII-30. Dimensionless Grain Radius Profiles at Various
Conversion Levels as Predicted by Variable Property 
Gt • i Model, High Temperature Run
shown here is 90 minutes.
The combined effects of sintering and conversion result 
in large deviations of the grain radius from the initial 
value. At X = 0.5, the radii of the grains at the pellet 
surface are about 8.4 times that of the original grains, while 
the unreacted grains at the pellet center exhibit radii that 
are 3.8 times larger than original.
Of course, when discussing the overall conversion time 
behavior of this reaction previously, it was noted that even 
with the modification of the tortuosity factor, the model 
overestimated actual reaction behavior. The model predicted 
59% conversion at 90 minutes of reaction time while in 
actuality, it took 230 minutes to get that conversion. Thus, 
the effects of sintering on pellet properties would be much 
larger than those shown. But, the effects of such changes can 
still be seen in the above figures.
Very low initial porosity pellet run profiles. Figures 
VIII-31 and VIII-32 present the dimensionless H2S concentra­
tion profiles and local porosity profiles, respectively, for 
a pellet of initial porosity 0.25 reacted at 300°C. The 
data were compared to model predictions in Figure VIII-17. The 
reaction did not die-off immediately but proceeded slowly 
but steadily until aborted. The variable property grain model 
was able to predict this same type of behavior, although it 
overestimated slightly.
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Figure VIII-31. Dimensionless H2S Concentration Profiles at Various 
Overall Conversion Levels as Predicted by Variable 
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Figure VIII-32. Local Porosity Profiles at Various Overall Conversion 
Levels as Predicted by Variable Property Grain Model, 
Very Low Initial Porosity Pellet Run
somewhat because at that temperature, there was some grain 
diffusion and chemical reaction resistance, thus preventing, 
at least initially, surface pore closure. The profiles 
shown tend to support this statement. Figure VIII-31 shows 
that the gas is diffusing further into the pellet interior 
with reaction time. In Figure VIII-32, the porosity decrease 
is shown to be more uniform as time goes on, thus supporting 
the assertion that complete surface pore closure would only 
occur after a long reaction time.
8Q0°C run porosity profiles. At 800°C, the model 
predicted reaction die-off for both cases due to the pre­
diction of zero porosity at the pellet surface. The best 
correlation between predicted and experimental behavior 
was noted for Run Number 147 utilizing a tortuosity factor 
of 1/e2. Porosity as a function of time for this case is 
plotted in Figure VIII-33 for various radial positions at 
increments AC = 0.04 (c is the dimensionless radial position 
in the pellet) .
It can be observed that the porosity becomes zero only 
at the pellet surface while at the next interior point the 
porosity decreases to only 0.34. At 800°C, the reaction 
system is controlled by pellet diffusion so that reaction 
occurs largely at the surface initially. Thus, the effects 
of reaction and the severe sintering rate at 800°C cause the 
porosity to decrease to zero at the surface, and therefore, 
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Figure VIII-33. Porosity versus Time for Various Radial Positions,
800°C Run
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porosity decrease is due largely to sintering only. At 
£ = 0.96, the fractional conversion is only 0.076 when the 
reaction dies off. At all positions c - 0.0 to C = 0.92, 
the porosity versus time behavior is the same, as no reaction 
occurs and all porosity changes are the result of sintering.
General Conclusions on Modelling Work
In general, it can be concluded that the proposed 
variable property grain model does a more satisfactory job 
of predicting reaction behavior for the MnO-H2S reaction 
system than does the constant property grain model. Signifi­
cant improvement is noted at all temperatures except 500°C 
where the predictions of the two models are comparable.
Only at 200°C and 300°C was the grain diffusion 
resistance determined to be important. The addition of this 
resistance in the variable property grain model resulted in 
better fits than the constant property grain model with 
grain diffusion resistance. In the former case, actual 
reaction behavior was followed quite closely while the 
latter resulted usually in initial underestimation of con­
version rate with overestimation after sufficient reaction 
time.
It was also decided that different values were necessary 
for the grain diffusion coefficient for unsintered and 
presintered pellets. The justification for this was that 
sintering affected the grain structure of the pellet perhaps
300
by removing residual micropores or fissures thus making it 
more difficult for reactant gas to diffuse into the 
individual grains.
Generally good agreement between experimental behavior 
and the predictions of the variable property grain model 
could be attained at the low temperature range (200-500°C) 
where sintering was unimportant.
At higher temperatures, 600-800°C, where sintering was 
important, the agreement between predicted and experimental 
conversion-time curves was not always as good. However, the 
fit of the proposed model was better than that of the 
constant property grain model. Further improvements in the 
predictions of the variable property grain model at high 
temperatures were effected by changing the methods of 
evaluating particle effective diffusivity and the porosity 
change due to sintering. Both of these were thought to 
be viable changes.
The model was also able to predict the reaction die-off 
noted in all runs at 800°C and for very low initial porosity 
pellets reacted at 500°C and 600°C. The constant property 
grain model simply cannot predict reaction die-off under any 
circumstances.
In conclusion, the proposed variable property grain 
model may be used to predict the behavior of the reaction of 
a gas with a solid in spherical pellet form at any condi­
tions. The only measured parameters necessary in the present
development are the specific surface area and porosity as a 
function of time, temperature, and conversion. In contrast 
to several previous developments which depended upon 
conversion-time data to fix model parameters, the present 
model relies on conversion-time data to correlate only the 
grain diffusion coefficient. The present model should find 
more general applicability than any previously developed 
gas-solid reaction model.
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CHAPTER IX
OVERALL CONCLUSIONS AND RECOMMENDED FUTURE WORK
Recalling that the overall objective of this work was 
to examine the effect of variable solid properties upon the 
kinetics of gas-solid reactions and to modify and/or extend 
existing gas-solid reaction models to consider these effects, 
the following general conclusions were drawn upon completion 
of the study:
(A) Gas-solid reaction models should consider the 
effects of solid physical property changes on reaction 
kinetics as such changes occur in most systems and may 
significantly affect reaction behavior. Failure to consider 
these effects may result in erroneous predictions of 
conversion-time behavior.
(B) A gas-solid reaction model which considered property 
changes due to both reaction and sintering and which pre­
dicted radial profiles of these property changes was developed 
as an extension to the grain model and was shown to adequately 
model reaction behavior for the MnCM^S reaction system.
It successfully modelled the reaction of MnO with H2S in the 
temperature range 200°C to 500°C where property changes due 
to reaction only were important and exhibited better pre­
dictive capabilities than those of the constant property models 
in the temperature range 600°C to 800°C where property changes 
occurred due to the effects of both reaction and sintering.
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(C) Sintering resulted in drastic changes in the surface 
area and porosity as the temperature increased for spherical 
MnO pellets. These changes as a function of time were best 
described by the power law at the various temperatures where 
sintering was important.
(D) Property changes due to reaction became important 
as the difference between solid product molar volume and 
solid reactant molar volume increased and also as the 
initial porosity of the solid reactant decreased.
(E) The reaction of H2S gas with spherical MnO particles 
was fastest in the temperature range 300°C to 500°C.
Sintering greatly hindered the reaction rate at higher 
temperatures.
Recommendations for future work in this field include 
the following:
(A) Experimental determinations of the porosity and 
pore size distribution of the solid material with respect 
to time, temperature, and degree of conversion should be 
made. This should result in the development of better correla­
tions for inclusion in the proposed model.
(B) Additional work is necessary in the correlation 
of the particle effective diffusivity, especially under 
conditions where sintering is important. This could possibly 
include an experimental program and the development of general 
correlations which accurately model the effective diffusivity 
changes with sintering.
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(C) An experimental program should be developed which 
will consider the effects of the grain diffusion resistance
on gas-solid reactions. Perhaps a program which looked at the 
reaction of various solids with a gas at low temperatures 
where the grain diffusion resistance is important might 
result in some insight as to the proper way of modelling 
grain diffusion.
(D) The proposed model should be tested on data taken 
on a gas-solid reaction system in which the solid becomes 
more porous with reaction at conditions where sintering is 
unimportant. Thus, when sintering is important, the solid 
will tend to open up due to reaction and close up due to 
sintering. It would be interesting to see if the proposed 
model could accurately predict reaction behavior for such
a system.
(E) The proposed model should be incorporated into a 
design procedure for fixed-bed reactors for gas-solid 
noncatalytic reactions.
(F) It would seem that the coating of MnO on a high 
surface area, non-sinferable support might result in a 
viable method of high-temperature H2S removal. However, 
much more work is necessary, including a complete study of 
reactant regeneration.
NOMENCLATURE
A specific surface area of the solid, length2 mass” 1
A constant in equation (IV-3)
An equilibrium specific surface area of solid, equation
(11-58), length2 mass” 1
e
Ag external surface area of the pellet, equation (VII-6)
A cross-sectional area of slab, length2cs
A(g) gaseous reactant A
A initial specific surface area of solid, length2 mass-1o
Ap total surface area of the pellet, eqn. (IV-20), length2
Ap specific surface area of solid product, eqn. (11-59),
length2 mass” 1
Ap(t) specific surface area of sintering solid product,
length2 mass-1, obtained from equation (11-58)
Ad specific surface area of solid reactant, length massR
A (t) specific surface area of sintering, solid reactant,R
obtained from equation (11-58) , length2 mass-1
Ap total surface area of the pellet, length2
A(t) specific surface area of solid at time t, length2
mass”1
A(X) specific surface area of reacting, nonsintering solid
at fractional conversion of solid reactant, X, length 
mass” 1
A(X,t) specific surface area of reacting, sintering solid,
length2 mass” 1
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average surface area of a grain, length2 
frequency factor (sintering rate constant), time-1 
empirical constant, eqn. (11-59)
radius of each sintering sphere, equation (IV-1), length 
exponent in equation (IV-2)
stoichiometric coefficients for reactants A and B, 
respectively (negative)
stoichiometric coefficients for products C and D, 
respectively (positive)
BS b'1o
Biot number for mass transfer = k r /D„m . s a A o Ao
frequency factor 
solid reactant B 
constant in equation (IV-4) 
exponent in equation (IV-4)
molar density of gas, eqn, (II-7) , moles length-3
dimensionless reactant gas concentration = >
o
eqn, (V-23)
concentration of gaseous reactant A, moles length-3 
concentration of gaseous reactant A at unreacted core 
surface, moles length-3
concentration of reactant gas A at the surface of the 
unreacted core of each grain, moles length-3 
molar concentration of the reactant gas in the bulk gas 
stream, moles length-3
the reactant gas concentration at the surface of the 
pellet, moles length-3
C molar concentration of solid reactant B, moles lengthO
CL. initial solid reactant concentration, moles length-3
OO
CL 1 initial reactant solid concentration in each grain,
JDO
moles length-3 
C(g) gaseous product C
C the initial reactant solid concentration, moles length
o
c constant expressing the net adsorption energy
diffusivity of A in the pores, accounts for both
molecular and Knudsen diffusion, length2 time-1
D effective diffusivity of reactant gas A in the fluid
eA
phase of the porous solid, length2 time-1
D ' grain diffusion coefficient, length2 time-1
eA




r\D molecular diffusivity of gas reactant, lengthm
D defined by equation (V-45)
®A
D(s) solid product D
D(T) constant in equation (IV-8)
(dw/dt) initial rate of weight change due to reaction, masso
time- 1
E expansion factor, ratio of molar densities and stoi­
chiometric coefficients of solid reactant and 
product, defined by equation (11-14)
E activation energy, energy mole-1
E activation energy for sintering, energy mole-1
mass flux of gas mass length-2 time-1 
relative tortuosity factor = t ^ ( ( | > ) / t ^ ( 0 )  
local acceleration due to gravity, length time-2 
Chilton-Cobum factor, equation (V-37) 
constant in equation (IV-2)
surface reaction rate constant, length time-1 
reaction rate constant, time-1 
sintering rate constant, time-1
mass transfer coefficient for gaseous reactant A, 
length time- 1
intrinsic reation rate constant based on the surface 
area of the unreacted core, eqn.(V-5), length14 
mole-1 time-1
the reaction rate constant, length4 moles-1 time-1 
intrinsic reaction rate constant based on the 
surface area of the unreacted core of each grain, 
length4 moles- 1 time- 1 
pore length (single pore model)
half thickness of a slab of solid, pore closure model, 
length
constant in equation (IV-26) 
exponent in equation (IV-26) 
mass of sample
molecular weight of solid reactant B, mass moles-1 
molecular weight of solid product D, mass moles-1 
molecular weight of solid product, mass moles-1
molecular weight of solid reactant, mass moles-1
exponents in equation (IV-1)
average mass of a grain
initial pellet mass
total mass of the pellet
(2r )3g (Pf~P0)
Grashof number, ----- ---7— rr—P0 (pf/pf)2
Reynolds number, 2rg G/y^
Schmidt number, y-/p, D f f m
Sherwood number, 2r k /Ds m^ m
evaluated by equation (V-41)
number of grains in the pellet
initial moles of solid reactant B
number of grains of solid reactant per mole of
solid reactant
number of grains of solid product equivalent to one 
mole of solid reactant
partial pressure of nitrogen, force length 2 
partial pressure of reactant gas A in the bulk gas 
stream
saturation pressure of nitrogen over the solid sample 
at the temperature of the liquid nitrogen bath, force 
length-2
gas constant, equation (11-57), energy moles 1 
temperature-1
radius of solid associated with pore, single pore 
model, length
rate of disappearance of gaseous reactant A, eqn. 
(11-16), moles time-1
molar rate of production of reactant gas A by chemical 
reaction on a surface area basis, moles length-2 
time-1
molar rate of production of gaseous reactant A by 
chemical reaction on a volume basis, moles length-3 
time-1
initial rate of reaction with respect to the total 
available surface area, moles length-2 time-1 
mass rate of production of solid reactant B by 
chemical reaction on a volume basis, mass length-3 
time-1
molar rate of production of solid reactant B by
— Qchemical reaction on a volume basis, moles length 
time- 1
the rate of mass transfer from bulk gas stream to
pellet surface, moles length-2 time-1
average pore radius, single pore model, length
radial coordinate of the pellet, length
thickness of that part of the product layer measured
from initial position of the pore walls to the pore
wall at any time, length
thickness of that part of the product layer measured 
from initial position of the pore walls to reaction 
interface, length
radius of unreacted core of spherical solid pellet, 
length
radius of the unreacted core within each grain, length
the total thickness of the product layer, length
O p = *1 + r 2)
radius of spherical solid pellet, length 
grain radius, length
initial pellet radius, length
initial value of the grain radius within the pellet, length 
specific surface area, length2 mass" 1 
specific surface area of an individual grain, length2 
mass” 1
average grain specific surface area, length2 mass-1 
specific surface area of pure reactant at any time 
and temperature, length2 mass-1
specific surface area of pure product at any time 
and temperature, length2 mass-1
specific surface area of totally sintered material, 
length2 mass-1
the cross-sectional area covered by a monolayer of 
nitrogen per unit volume at standard temperature and 
pressure, length2 length-3
specific surface area of solid product, eqn. (IV-9), 
length2 mass of product-1
specific surface area of pellet, eqn. (IV-20), 
length2 mass-1
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S specific surface area of solid reactant, length2J K
mass of product-1
the total surface area of the sample, length2 
AS=So~S initial specific surface area minus specific surface 
area at time t, length2 mass-1 
T temperature of the system
Tc characteristic temperature corresponding to the onset
of sintering (Tammann temperature)
t time
total volume at standard temperature and pressure 
of nitrogen on the surface of the solid sample, 
length3
V_ molar volume of solid reactant B, length3 moles-1D
molar volume of solid product D, length3 moles-1
V volume at standard temperature and pressure of m
nitrogen adsorbed when the entire adsorbent surface 
is covered with a monomolecular layer, length3
V pore volume of the pellet per unit mass, eqn. (11-29) 
P
length3 mass-1
Vp volume of solid product equivalent to one mole of
solid reactant, eqn. (IV-9), length3 moles-1
V volume of overall pellet, eqn. (IV-27), length3 
P
V molar volume of solid reactant, length3 moles-1 R
v volume fraction of pores in porous solid
v volume fraction of solid reactant B in porous solidB
initial volume fraction of solid reactant B 
initial pellet mass
local fractional conversion of solid reactant 
overall fractional conversion of solid reactant 
axial distance in pore, single pore model, length 
radius of neck between sintering spheres, length, 
(equation (IV-1))
space coordinate in direction of pores, pore closure 
model, length
mole fraction of gaseous reactant A in fluid phase 
mole fraction of gaseous reactant A in the bulk gas 
stream
GREEK LETTERS
dimansionless pellet radius = r /r 
v s so
slope of BET plot 
y-intercept of BET plot
expansion factor similar to E, eqn. (11-24)




porosity of grain product layer
hypothetical porosity considering only changes due to 
chemical reaction
initial pellet porosity 
porosity of the solid product 
pellet porosity
the porosity of the solid product after sintering 
at given time and temperature, determined from 
equation (IV-26) 
porosity of the solid reactant
porosity of the solid reactant after sintering at 
given time and temperature, determined from equation 
(IV-26)
initial porosities of solid reactant and product 
respectively
the porosity after sintering of the pellet at the 
given time and temperature
effectiveness factor, ratio of reaction rate in the 
entire pellet to that evaluated at the outer surface
conditions
dimensionless time = k ' C, t/r 1s A s o o
gas viscosity, mass length-1 time-1
dimensionless radial coordinate for the pellet = r/rs
dimensionless grain radius, r '/r 's so
grain density, mass length-3, equation (11-62) 
grain density, mass length-3 
density of solid reactant B, mass length-3 
density of solid product D, mass length-3
density of the gas mixture, mass length-3 
grain density, mass length-3
density of non-reactive gas components, mass length-
average actual pellet density, mass length-3
density of solid product, mass length-3
density of solid reactant, mass length-3
true density of solid, mass length-3
true density of material of which the pellet is
composed, mass length-3
tortuosity factor
fraction of pores removed during sintering 
Thiele modulus for the pellet, k ' C,, r /De
S o  5 AO O A o
pellet Thiele modulus, for use in equation (VII-7)
relative chemical reaction resistance 
relative diffusion resistance 










Coordinates of BET equation (III-l)
X YRun Sample , , s r , *, Specific Surface Area
Number Weight.g W p0> tP'vads(|Jo~p) 1 m2/e
116 1.5321 0.0994 0.0245 12.12
0.1864 0.0446
0.2641 0.0631
117 1.3679 0.0994 0.0261 12.41
0.1864 0.0479
0.2641 0.0684
162 1.2926 0.0947 0.0247 13.90
0.1894 0.0471
0.2696 0.0670
163 1.5538 0.0947 0.0188 13.19
0.1894 0.0391
0.2696 0.0564
164 1.1749 0.0938 0.0296 12.47
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Surface Area Data - MnO continued







































Surface Area Data - MnO continued

















213 1.4164 0.0970 0.0236 12.05
0.1879 0.0457
0.2642 0.0668
208 1.6438 0.1053 0.0226 12.66
0.1838 0.0376
0.2643 0.0560
209 1.2389 0.1053 0.0273 13.61
0.1838 0.0478
0.2643 0.0685
206 1.5433 0.1034 0.0250 11.87
Surface Area Data - MnO continued










































Temperature, °C Time, hr.
500 15.0
500 25.0
Surface Area Data - MnO
Coordinates of 
X
Run Sample ( ! \ 
Number Weight,g p po
continued 
BET equation (III-l)
f r / w Po-p>] Specifl
c Surface 
m2/g
137 1.5474 0.0959 0.0241 10.71
0.1907 0.0476
0.2691 0.0702
210 1.8037 0.1048 0.0247 10.35
0.1870 0.0419
0.2651 0.0623
211 1.4919 0.1048 0.0281 10.64
0.1870 0.0489
0.2651 0.0725
204 1.7126 0.1002 0.0263 9.61
0.1902 0.0490
0.2700 0.0716
205 1.4006 0.1002 0.0343 9.44 323
Surface Area Data - MnO continued












r , ,, Specific Surface 
p ads Po m2/a
0.1902 0.0638
0.2700 0.0903



























Surface Area Data - MnO continued
Coordinates of BET equation (III-l)
X Y
Sintering Sintering Run Sample
Temperature, °C Time , hr. Number Weight,g Fo/ LtJ/ vadsvpo Vi 1 _________tn̂ /g
600 1.0 156 1.6170 0.0953 0.0359 8.18
157 1.4935 0.0953 0.0320 8.32
600 3.0 148 1.8045 0.0996 0.0340 7.27











149 1.8065   7.29
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Surface Area Data - MnO continued










600 5.0 126 1.7178 0.1026 0.0456 6.35
0.1848 0.0774
0.2690 0.1115
127 1.4365 0.1026 0.0470 6.36
0.1848 0.0866
0.2690 0.1267
600 10.0 124 1.9652 0.1018 0.0521 4.83
0.1883 0.0900
0.2644 0.1262
125 1.8982 0.1018 0.0424 5.42
0.1883 0.0784
0.2644 0.1117









Surface Area Data -
Coordinates
X
Sample . ,  ̂
Weight,a '’’V
MhO continued
of BET equation (III-l)





167 1.5422 0.1077 0.0585 4.87
0.1884 0.1053
0.2650 0.1510
25.0 174 1.3576 0.1084 0.0760 5.01
0.2027 0.1379
0.2829 0.1867
175 1.7954 0.1084 0.0523 5.13
0.2027 0.0964
0.2829 0.1350
0.25 154 1.7690 0.1086 0.0488 4.95
0.1914 0.0934 327









Sample * . * 
W e i g h t (P/Po)
of BET equation (III-l)
Y
r . Specific Surface 
ads o »2/g
0.2700 0.1301
155 1.5291 0.1086 0.0504 5.55
0.1914 0.0992
0.2700 0.1341
700 0.58 152 1.7237 0.1022 0.0959 3.63
0.1835 0.1527
0.2690 0.2077
153 1.7072 0.1022 0.0677 3.66
0.1835 0.1225
0.2690 0.1852
700 1.0 146 1.8029 0.1057 0.0957 3.60
0.1907 0.1537
0.2674 0.1999 328
Surface Area Data - MnO continued














































Surface Area Data - MnO continued
Coordinates of BET equation (III-l)
X Y 
Sample / / \ r t m  Specific Surface 
Weight,E ads o b2/e
0.1863 0.2602
0.2691 0.3569
10.0 132 1.8335 0.0995 0.2001 1.83
0.1907 0.3116
0.2715 0.4106
133 1.9026 0.0995 0.1433 1.51
0.1907 0.2943
0.2715 0.4055
15.0 168 2.1639 0.1036 0.1901 1.66
0.1906 0.2872
0.2673 0.3778












Surface Area Data - 
Coordinates
X
Sample , , s 
Weight,g ^ po
MnO continued
of BET equation (III-l)
Y
r„ Specific Surface [P/V , (p ~p) J 2 / ads o m^/g
0.2673 0.3750
176 1.9630 0.1007 0.1688 1.86
0.1911 0.2682
0.2672 0.3597
177 2.4878 0.1007 0.1028 1.48
0.1911 0.2196
0.2672 0.3027
150 1.8991 0.0900 0.2912 1.19
0.1915 0.4410
0.2700 0.6224










Surface Area Data - 
Coordinates
X
Sample , , * 
Weight , E
MnO continued
of BET equation (III-l)
Y
, . Specific Surface 
tp/Va d > o - p”  n2/s
800 0.50 142 1.8814 0.1005 0.2790 0.98
0.1908 0.4645
0.2708 0.6773
143 2.3378 0.1005 0.2276 0.95
0.1908 0.4190
0.2708 0.5559
800 1.0 140 1.8511 0.1138 0.4311 0.91
0.1979 0.5527
0.2758 0.8337
141 2.3296 0.1138 0.3645 0.79
0.1979 0.5020
0.2758 0.7342
800 3.0 130 1.8279 0.1062 0.4890 0.74
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Surface Area Data - MnO continued



















































Surface Area Data - MnO continued
Coordinates of BET equation (III-l)
X Y 
Sample / , \ r t \ i Specific Surface 
WeiRht.E (p/,,o) ads o- m2/E
0.2752 2.7560
121 1.6160 0.1040 1.2783 0.31
0.1936 2.0564
0.2752 2.7467
15.0 172 2.0385 0.0961 1.4277 0.31
0.1861 1.7370
0.2688 2.5180
173 2.8021 0.0961 1.3083 0.19
0.1861 2.1226
0.2688 2.5835
















































S amp1e / / \ 
Weight ,g
MnO (Negligible Sintering) continued 
Y
r trr / \ i Specific Surface Area, 
ads o m2/g
189 1.6454 0.0892 0.0252 10.19
0.1909 0.0509
0.2593 0.0693
184 1.6153 0.1020 0.0327 9.13
0.1852 0.0563
0.2622 0.0798
185 1.4935 0.1020 0.0325 9.10
0.1852 0.0578
0.2622 0.0842
182 1.7874 0.0880 0.0320 8.44
0.1876 0.0590
0.2652 0.0822
183 1.5848 0.0880 0.0302 8.49
0.1876 0.0626
0.2652 0.0874 336
Surface Area Data - Partially Converted MnO (Negligible Sintering) continued
X Y
Run Sample ( / ) [ /V ( - )1 Specific Surface Area,
Percent Conversion of MnO Number Weight,g P o ^ ads o ^ _________m2/g_________
91.3 186 1.9335 0.0846 0.0255 8.27
0.1880 0.0518
0.2674 0.0753








Surface: Area Data - MnS




















































Surface Area Data - 
Coordinates
X
Sample , , , 
Weight,g P Po
MnS continued
of BET equation (III-l)
Y
r /tt , . , Specific Surface 
ads o 1 b2/E
0.1822 0.0625
0.2641 0.0898
232 1.7010 0.1003 0.0394 6.84
0.1822 0.0682
0.2641 0.1008
239 2.0632 0.1010 0.0392 6.17
0.1874 0.0702
0.2644 0.0944
240 1.5790 0.1010 0.0447 6.29
0.1874 0.0798
0.2644 0.1169











Surface Area Data - MnS continued
Coordinates of BET equation (III-l)
X Y




218 2.1063 0.0902 0.0521 3.75
0.1876 0.1035
0.2635 0.1479
1.0 225 2.2447 0.0957 0.0726 3.56
0.1893 0.1208
0.2642 0.1612
226 1.8821 0.0957 0.0815 3.23
0.1893 0.1517
0.2642 0.1996












Surface Area Data - MnS continued
Coordinates of BET equation (III-l)
X Y 
Sample , , . r /.r / m  Specific Surface 
WelSt.n (p/po) ads o~ mJ/t
234 1.9128 0.0982 0.0728 2.98
0.1903 0.1471
0.2659 0.2015
6.0 241 1.9619 0.0934 0.1103 2.60
0.1889 0.1874
0.2658 0.2522
242 2.0443 0.0934 0.0903 2.59
0.1889 0.1670
0.2658 0.2300
0.5 219 2.2400 0.0978 0.1268 2.02
0.1812 0.1986
0.2594 0.2781





Surface Area Data - MnS continued
















































Surface Area Data - MnS continued
Coordinates of BET equation (III-l)
X Y 
Sample f , > r /t. , * . Specific Surface 
WeiSt.a (p/po) ads o- m2/a
0.2686 0.4782
700 6.0 243 2.2183 0.1053 0.2105 1.38
0.1878 0.3375
0.2683 0.4311
244 1.7663 0.1053 0.2120 1.39
0.1878 0.3734
0.2653 0.4944
800 0.5 221 1.8740 0.0829 0.3790 0.80
0.1832 0.6862
0.2631 0.8749




Surface Area Data - MhS continued











Specific Surface Area, 
_________m2/g_________
229 2.0475 0.1012 0.5067 0.67
0.1818 0.8006
0.2644 0.9905
230 1.6042 0.1012 0.6425 0.55
0.1818 1.0247
0.2644 1.4239
237 2.1161 0.0987 1.1356 0.26
0.1829 1.9541
0.2640 2.3915







Surface Area Data - MnS continued






Weight,g (p /p0) [p/Vads(V I>)1
Specific Surface Area, 
m2/g




Surface Area Data - MnO/MnS Mixtures
Coordinates of BET equation (III-1)
Sintering Sintering Percent Conv. 




























































Surface Area Data -
Percent Conv. Run 
to MnS Number
MnO/MnS Mixtures continued
Coordinates of BET equation (III-l)
X Y 
Sample , i \ r e \ i Specific Surface 
Weight, g (P V  ads o n>2/g
0.2635 0.2406
199 1.7892 0.0968 0.0841 2.76
0.1832 0.1635
0.2635 0.2319
19.4 247 1.2960 0.0949 0.0472 7.07
0.1918 0.1007
0.2723 0.1305
248 1.3819 0.0949 0.0434 7.14
0.1918 0.0820
0.2723 0.1213
81.5 194 1.5384 0.1031 0.1675 2.24
0.1917 0.2638
0.2721 0.3768
195 1.6389 0.1031 0.1571 2.48 347
Surface Area Data -
Sintering Sintering Percent Conv. Run 
Temperature,°C Time, hr. to MnS Number
700 1.0 81.5 202
203
700 1.0 44.0 251
252
MnC/MnS Mixtures continued
Coordinates of BET equation (III-l)





1.5982 0.0917 0.1854 2.01
0.1856 0.3003
0.2689 0.4150
1.5605 0.0917 0.1636 1.92
0.1856 0.2966
0.2689 0.4167
1.7694 0.1035 0.0864 3.18
0.1884 0.1512
0.2629 0.2092
1.4819 0.1035 0.1079 2.94
0.1884 0.1896
0.2629 0.2675 348
Surface Area Data -
Sintering Sintering Percent Conv. Run 
Temperature,°C Time, hr. to MnS Number
800 0.5 67.3 196
196
MnO/MnS Mixtures continued
Coordinates of BET equation (III-l)
X Y
Sample , , x r , x , Specific Surface Area












Initial Mass = 31.82 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.710 
Initial Particle Radius = 0.172 cm 
Gas Flows (cm^/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 500°C
X, Fractional 




























Initial Mass = 30.75 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.707 
Initial Particle Radius = 0.169 cm 
Gas Flows (cm^/min STP) N2 = 940.
H2S « 10.
H2 = 50. 
Reaction Temperature = 500°C
X, Fractional 


































Initial Mass ** 24.00 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.709 
Initial Particle Radius - 0.156 cm 
Gas Flows (cm3/min STP) N2 = 880.
H?S = 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 





















Initial Mass = 44.49 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.723 
Initial Particle Radius = 0.195 cm 
Gas Flows (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 300°C
X, Fractional 































Initial Mass = 25.90 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.745 
Initial Particle Radius = 0.167 cm 
Gas Flow (cmVinin STP) N2 “ 910.
H2S ■ 15.
H2 - 75. 
Reaction Temperature = 300°C
X, Fractional 































Initial Mass = 31.91 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity *= 0.727 
Initial Particle Radius = 0.175 cm 
Gas Flow (cmVmin STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 300°C
X, Fractional 
































Initial Mass = 32.25 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.739 
Initial Particle Radius = 0.179 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 700°C
X, Fractional 


































Initial Mass = 29.97 mg 
Initial Surface Area «= 13.25 m2/g 
Initial Porosity = 0.743 
Initial Particle Radius = 0.175 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 200°C
X, Fractional 


































Initial Mass = 42.66 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.723 
Initial Particle Radius = 0.192 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 700°C
X, Fractional 


































Initial Mass = 50.03 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.721 
Initial Particle Radius = 0.202 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 700°C
X, Fractional 


































Initial Mass = 45.88 mg 
Initial Surface Area •= 13.25 m2/g 
Initial Porosity = 0.751 
Initial Particle Radius = 0.204 cm 
Gas Flow (cmVmin STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 200°C
X, Fractional 
































Initial Mass = 34.69 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.742 
Initial Particle Radius = 0.184 cm 
Gas Flow (cm^/min STP) N2 = 910.
H2S = 15.
H2 * 75. 
Reaction Temperature = 200°C
X, Fractional 

































Initial Mass = 37.31 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.714 
Initial Particle Radius = 0.182 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 500°C
X, Fractional 
































Initial Mass = 34.04 mg 
Initial Surface Area = 13.250 m2/g 
Initial Porosity = 0.706 
Initial Particle Radius = 0.175 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 300°C
X, Fractional 

































Initial Mass = 38.86 mg 
Initial Surface Area = 13.25 n£/g 
Initial Porosity = 0.750 
Initial Particle Radius = 0.193 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 700°C
X, Fractional 


































Initial Mass = 32.06 mg 
Initial Surface Area = 13.25 n?/g 
Initial Porosity = 0.754 
Initial Particle Radius = 0.182 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
R2 = 100. 
Reaction Temperature = 600°C
X, Fractional 


































Initial Mass ** 51.77 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.723 
Initial Particle Radius = 0.205 cm 
Gas Flow (cmVmin STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature - 600°C
X, Fractional 

































Initial Mass = 35.48 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.749 
Initial Particle Radius = 0.187 cm 
Gas Flow (cm^/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 300°C
X, Fractional 
































Run Number 122 Run Number 123
Initial Mass = 30.53 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.758 
Initial Particle Radius = 0.180 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 


























Initial Mass = 30.57 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.725 
Initial Particle Radius = 0.172 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 300°C
X, Fractional 

































Initial Mass = 34.57 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.708 
Initial Particle Radius = 0.176 cm 
Gas Flow (cmVmin STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 500°C
X, Fractional 














Initial Mass « 27.83 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.739 
Initial Particle Radius = 0.170 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 50. 
Reaction Temperature = 600°C
X, Fractional 
































Run Number 126 Run Number 127
Initial Mass = 30.51 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.771 
Initial Particle Radius = 0.183 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature - 500°C
X, Fractional 
























Initial Mass = 30.74 mg 
Initial Surface Area * 13.25 m2/g 
Initial Porosity = 0.739 
Initial Particle Radius = 0.176 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 200°C
X, Fractional 
































Initial Mass = 23.97 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.707 
Initial Particle Radius = 0.156 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 200°C
X, Fractional 



























Initial Mass = 19.95 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.738 
Initial Particle Radius = 0.152 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 300°C
X, Fractional 





























Initial Mass « 33.61 mg 
Initial Surface Area = 6.21 m2/g 
Initial Porosity = 0.692 
Initial Particle Radius = 0.171 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 



























Initial Mass = 31.03 mg 
Initial Surface Area «= 4.72 m2/g 
Initial Porosity *= 0.714 
Initial Particle Radius “ 0.171 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 500°C
X, Fractional 






























Initial Mass ■= 29.18 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity ■= 0.676 
Initial Particle Radius = 0.161 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 300°C
X, Fractional 






























Initial Mass = 33.56 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.707 
Initial Particle Radius = 0.174 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 300°C
X, Fractional 

































Initial Mass «® 45.31 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.705 
Initial Particle Radius = 0.192 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 200°C
X, Fractional 































Initial Mass = 33.42 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity *= 0.672 
Initial Particle Radius = 0.168 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 200°C
X, Fractional 































Initial Mass <= 39.16 mg 
Initial Surface Area « 4.72 m2/g 
Initial Porosity = 0.713 
Initial Particle Radius = 0.185 cm 
Gas Flow (cm3/rain STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 400°C
X, Fractional 






























Initial Mass = 33.86 mg 
Initial Surface Area «= 4.72 m2/g 
Initial Porosity «= 0.682 
Initial Particle Radius = 0.170 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 400°C
X, Fractional 

































Initial Mass = 44.56 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.695 
Initial Particle Radius - 0.189 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 600°C
X, Fractional 






























Initial Mass = 26.76 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.690 
Initial Particle Radius = 0.158 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 600°C
X, Fractional 



























Initial Mass «= 31.17 mg 
Initial Surface Area <= 2.47 m2/g 
Initial Porosity = 0.615 
Initial Particle Radius = 0.155 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 

































Initial Mass = 41.43 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.699 
Initial Particle Radius = 0.185 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 700°C
X, Fractional 

































Initial Mass = 33.74 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.645 
Initial Particle Radius = 0.164 cm 
Gas Flow (cm2/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 700°C
X, Fractional 

































Initial Mass = 52.57 mg 
Initial Surface Area «= 4.72 m2/g 
Initial Porosity = 0.680 
Initial Particle Radius = 0.196 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 700°C
X, Fractional 




































Initial Mass = 30.29 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity « 0.696 
Initial Particle Radius = 0.166 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 400°C
X, Fractional 
































Initial Mass = 27.96 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.647 
Initial Particle Radius = 0.154 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 500°C
X, Fractional 


































Initial Mass = 77.86 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.753 
Initial Particle Radius = 0.244 cm 
Gas Flow (cm3/min STP) N2 = 910.
H2S = 15.
H2 = 75. 
Reaction Temperature = 800°C
X, Fractional 























Initial Mass = 54.48 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity = 0.676 
Initial Particle Radius = 0.198 cm 
Gas Flow (cm3/min STP) N2 = 940.
H2S = 10.
H2 = 50. 
Reaction Temperature = 600°C
X, Fractional 


































Initial Mass = 44.99 mg 
Initial Surface Area = 4.72 m2/g 
Initial Porosity * 0.716 
= 0.1294 cm Initial Particle Radius = 0.194 cm
Run Number 149
Initial Mass = 33.14 mg
Initial Surface Area = 1.13 m^/g
Initial Porosity = 0.295 
Initial Particle Radius 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100.
Reaction Temperature = 500°C
X, Fractional 


















Gas Flow (cm3/min STP) N2 = 910.
H2S = 15. 
H2 = 75. 
Reaction Temperature = 800°C
X, Fractional 

































Initial Mass = 44.53 mg 
Initial Surface Area = 13.25 m2/g 
Initial Porosity = 0.731 
Initial Particle Radius = 0.197 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S * 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 


















Initial Mass « 37.52 mg 
Initial Surface Area = 1.32 m2/g 
Initial Porosity = 0.254 
Initial Particle Radius = 0.132 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 300°C
X, Fractional 

































Initial Mass = 41.36 mg
Initial Surface Area = 1.32 m2/g
Initial Porosity = 0.259 
Initial Particle Radius = 0.137 cm 
Gas Flow (cm3/min STP) N2 = 880.
H2S = 20.
H2 = 100.
Reaction Temperature = 600°C
X, Fractional 
















Initial Mass = 42.73 mg 
Initial Surface Area = 1.30 m2/g 
Initial Porosity = 0.608 
Initial Particle Radius = 0.171 cm 
Gas Flow (cm3/min STP ) N2 = 880.
H2S = 20.
H2 = 100. 
Reaction Temperature = 500°C
X, Fractional 






























MnO/H2S Reaction Transport 
Property Parameters
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Mole Bulk Viscosity Bulk Gas 
Run Temperature Fraction x 102 DensltyxlO1* Mass Flux Reynolds
Nuaber 'C H2S g/(cm)(min) g/cm3 g/(min)(cm2) Number
104 500 0.015 2.00 4.12 0.514 8.82
105 500 0.010 2.01 4.22 0.527 8.85
106 500 0.020 1.99 4.02 0.502 7.89
107 300 0.020 1.64 5.43 0.502 11.93
108 300 0.015 1.65 5.56 0.514 10.42
109 300 0.010 1.66 5.69 0.527 11.11
110 700 0.010 2.32 3.35 0.527 8.12
111 200 0.020 1.44 6.58 0.502 12.20
112 700 0.020 2.29 3.20 0.502 8.44
113 700 0.015 2.30 3.28 0.514 9.03
114 200 0.010 1.46 6.90 0.527 14.69
115 200 0,015 1.45 6.74 0.514 13.02
116 500 0.015 2.00 4.12 0.514 9.35
117 300 0.020 1.64 5.43 0.502 10.70
118 700 0.010 2.32 3.35 0.527 8,76
119 600 0.020 2.14 3.56 0.502 8,52
120 600 0,010 2.17 3.74 0.527 9.96
121 300 0.010 1.66 5.69 0.527 11.83

















0.861 607. 1062. 56.4 19.7
0.863 604. 1056. 55.3 19.5
0.858 664. 1203. 57.5 19.7
0.877 352. 580. 34.5 18.2
0.880 389. 656. 33.8 20.3
0.882 370. 615. 33.1 18.6
0.847 826. 1479. 81.5 25.7
0.888 283. 465. 24.7 18.3
0.843 805. 1422. 84.8 23.6
0.845 762. 1319. 83.2 23.4
0.894 245. 395. 23.7 19.0
0.891 269. 438. 24.2 18.2
0.861 580. 999. 56.4 20.2
0.877 383. 641. 34.5 16.7
0,847 778. 1360. 81.5 27.1
0.850 712. 1254. 70.7 53.4
0.855 629. 1064. 67.9 22.4
0,882 353, 581. 33.1 20.8



















123 300 0.015 1.65 5.56 0.514 10.73
124 500 0.010 2.01 4.22 0.527 9.21
125 600 0.015 2.16 3.65 0.514 8.11
126 500 0.015 2.00 4.12 0.514 9.41
127 200 0.020 1.44 6.58 0.502 12.23
128 200 0.010 1.46 6.90 0.527 11.21
129 300 0.010 1.66 5.69 0.527 9.62
130 500 0.020 1.99 4.02 0.502 8.66
131 500 0.015 2.00 4.12 0.514 8.80
132 300 0.010 1.66 5.69 0.527 10.18
133 300 0.020 1.64 5.43 0.502 10.66
134 200 0.020 1.44 6.58 0.502 13.37
135 200 0.015 1.45 6.74 0.514 11.86
136 400 0.020 1.82 4.62 0.502 10.17
137 400 0.015 1.83 4.73 0.514 9.53
138 600 0.020 2.14 3.56 0.502 8.86
139 600 0.015 2.16 3.65 0.514 7.56
140 500 0.020 1.99 4.02 0.502 7.84
141 700 0.020 2.29 3.20 0.502 8.13
Molecular Initial Knudsen 
Ranz& Chilton- Diffusion Diffusion
Schmidt Marshall Coburn Coefficient, Coefficient,
Number ^m^,cm/mln. ^m,cm2/min, ^K,cm2/min,
0.880 380. 638. 33.8 18.3
0.863 586. 1013. 55.3 19.6
0.853 738. 1323. 69.2 24.3
0.861 578. 992. 56.4 27.1
0.888 282. 464. 24.7 17.9
0.894 300. 500. 23.7 15.3
0.882 412. 708. 33.1 19.6
0.858 617. 1086. 57.5 38.7
0.861 608. 1065. 56.4 56.7
0.882 395. 669. 33.1 40.7
0.877 384. 643. 34.5 47.1
0.888 264. 429. 24.7 42.4
0.891 288. 476. 24.2 36.4
0.867 471. 796. 45.4 52.4
0.870 494. 847. 44.5 45.3
0.850 691. 1204. 70.7 55.0
0.853 779. 1435. 69.2 53.5
0.858 667. 1213. 57.5 69.1
0.843 829. 1482. 84.8 59.1
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142 700 0.015 2.30 3.28 0.514
143 700 0.010 2.32 3.35 0.527
145 400 0.010 1.84 4.85 0.527
146 500 0.010 2.01 4.22 0.527
147 800 0.015 2.44 2.97 0.514
148 600 0.010 2.17 3. 74 0.527
149 500 0.020 1.99 4.02 0.502
150 800 0.015 2.44 2.97 0.514
151 500 0.020 1.99 4.02 0.502
152 300 0.020 1.64 5.43 0.502
153 600 0.020 2.14 3.56 0.502
154 500 0.020 1.99 4.02 0.502
Molecular Initial Knudsen 













7.31 (1.845 898. 1675. 83.2 46.2
8.93 0.847 767. 1333. 81.5 54.1
9,48 0.872 495. 850. 41.6 48.3
8.06 0.863 650. 1171. 55.3 41.5
10.29 0.838 766. 1283. 98.0 29.0
9.61 0.855 646. 1103. 67.9 50.2
6.54 0.858 769. 1518. 57.5 39.7
8.18 0.838 914. 1628. 98.0 67.4
9.95 0.858 555. 941. 57.5 21.9
8.10 0.877 473. 853. 34.5 23.7
6.43 0.850 887. 1767. 70.7 30.2




For each computer program, a listing is presented, followed 
by examples of the program input and output.
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n GENERAL GRAIN NODEL - ?0R ONE REACTIVE GAS 
ACCOUNTS POR SOLID PROPERTY CHANGES DUE 10 
REACTION AND SINTERING 
DIMENSION C( 201) ,CTEMP (201) ,R(201) ,CNS»(201) , X(201),
1TX (b,7) ,PRCF11 (21,26) f PROFL2 ( 21,2b), PROPL J (2 1 ,2b) ,
2PROFLU (21 ,2b), STIHE(21), SXBAR(21), DEAP(201),
NDIMD(201) , AT (201) , RADG (201) , RCMIX (201)
DIHENSION POROS (20 1) ,SE?SP(21) ,SRADP(21) ,PROFLb(21,2b) ,
1 PROFLb (21 ,2b) , PROFL7 (21 ,2b) , PROFL8 (2 1, 2b)
DIHENSION PORE(201) ,DK(201) , DG (201) , SATAV(21)
REAL KMA , KS , KMAO
REAL K1S0,K2S0,K1S,K2S,KKI*,MWR,MHP





IRUN = RUN NUMBER
EPSG = GRAIN POROSITY (ASSUMED CONSTANT)
RADPO = INITIAL PELLET RADIUS —  CM
CSO = INITIAL BULK SOLID CONCENTRATION —  MG MOLE/CC 
BETA = CONSTANT USED IN EFFECTIVE DIFFUSIVITY CALCULATION 
(EXPONENT OF POROSITY)
CARD NO. 2
CAO = BULK REACTIVE GAS CONCENTRATION —  MG MOLE/CC
AA = REACTANT STOICHIOMETRIC COEFFICIENT— GAS PHASE (NEGATIVE)
AS =REACTANT STOICH. COEFFICIENT— SOLID PHASE (NEGATIVE)
AP = PRODUCT STOICH. COEFFICIENT— SOLID PHASE (POSITIVE)
u>ooho
C CARD NO. 3
C N-N0. OF INTERV ALS SOLID RADIUS IS DIVIDED INTO FOR INTEGRATION
C ITER = MAXIMUM NUMBER OF TINE STEPS
C DTIME = TIME STEP— MIN
C XFINAL = DESIRED FINAL CONVERSION
C TEMP = REACTION TEMPERATURE —  DEGK
C DXSTEP = OVERALL FRACTIONAL CONVERSION INTERVAL AT WHICH
C PROFILES PRINTED
C NRAD = EVERY (N/NR AD)TH VALUE IN PROFILE IS KEPT FOR
C PRINTING AT DXSTE?
C CARD NO. 4
C PARMO = INITIAL PELLET MASS —  MG
C MWR = SOLID REACTANT MOLECULAR HEIGHT
C NWP = SOLID PRODUCT MOLECULAR HEIGHT
C CARD NO. b
C KIS0=FREQUENCY FACTOR FOR RATE CONSTANT FOR SURFACE AREA
C REDUCTION DUE TO SINTERING SOLID REACTANT— (1/MIN)
C ESS 1 = ACT IVATION ENERGY FOR RATE CONSTANT FOR SURFACE AREA
C REDUCTION DUE TO SINTERING SOLID REACTANT—  (CAL/GMOLE/DEGK)
C P0WS1=POWER FOR RATE EXPRESSION FOR SURFACE AREA REDUCTION
C DUE TO SINTERING SOLID REACTANT
C K2S = RATE CONSTANT FOR SURFACE AREA SINTERING RELATIONSHIP
C SOLID PRODUCT —  (CM**2/HG)* * (1-P0WS2) / MIN
C P0BS2 IS THE SAME AS ABOVE EXCEPT FOR SOLID PRODUCT
C CARD NO. 6
C AI1 = INITIAL SURFACE AREA SOLID REACTANT —  (CM**2/MG)
C ROW 1 = DENSITY CP SOLID REACTANT —  (MG/CC)
C AI2 = INITIAL SURFACE AREA SOLID PRODUCT —  (CM**2/MG)
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C ROM2 = DENSITY OF SOLID PRODUCT —  (MG/CC)
C CARD NO. 7
C POFK1 = RATE CONSTANT FOB PCPOSITY SINTERING
C RELATIONSHIP FOR SOLID REACTANT (1/MIN.)
C POPW1 = POWER FOR POROSITY SINTERING RELATIONSHIP SOL. REACT.
C POFK2,POPW2 ARE SANE AS ABOVE EXCEPT FOR SOLID PRODUCT
C CARD NO. 8
C KKIN = FREQUENCY FACTOR FOR REACTION — (CM**4)/ (1GMOLE*NIN)
C AKIN = ACTIVATION ENERGY FOR REACTION BATE EXPRESSION
C (CAL/GMOLE/DEGK)
C DEAG = GRAIN EFFECTIVE DIFFUSIVITY COEFFICIENT —  (CN**2/1IN)
C CARD NO. 9
C G = IASS FLUX OF GAS —  G / ( (CM**2)*MIN)
C VISG = GAS VISCOSITY —  G/(CN*MIN)
C ROG = GAS DENSITY —  G/CC
C DM = GAS MOLECULAR DIFFUSION COEFFICIENT — (C1**2)/NIN
C OUTPUT DATA
C LINE NO. 1 —  DATA ON CARD NO. 1
C LINE NO. 2 —  DATA ON CARD NO. 2
C LINE NO. 3 —  DATA ON CARD NO. 3
C LINE NO. 4 —  DATA ON CARD NO. 4
C LINE NO. 5 —  DATA ON CARD NO. b
C LINE NO. 6 —  DATA ON CARD NO. 6
C LINE NO. 7 —  DATA CN CARD NO. 7
C LINE NO. 8
C K1S = RATE CONSTANT FOR SURFACE AREA SINTERING RELATIONSHIP
C SOLID REACTANT —  (CM**2/MG)** (1-POHS1) / IIN
C K2S = DEFINED ABOVE
C RSO = INITIAL GRAIN RADIUS —  Cl
C EPSPO = INITIAL PELLET POROSITY
C LINE NO. 9 - BATA CN CARD NO. 8 EXCEPT DEAG
C KS * RATE CONSTANT FOR REACTION — (CM* *4) / ( NGMOLE* IIN) 384
C LINE NO. 10 - DATA ON CARD NO. 9
C LINE NO. 11
C POREO = INITIAL AVERAGE PORE RADIOS —  CM
C DKO ^INITIAL KNUDSEN DIFFUSION COEFFICIENT —  (CM*#2)/BIN
C DM = MOLECULAR DIFFUSION COEFFICIENT —  (CM**2)/MIN
C DGO = INITIAL VALUE OF FACTCR FOR DETERMINATION OF
C EFFECTIVE DIFFUSIVITY (COMB. OF DKO & DM) —  (CM**2)/MIN
C KMAO = INITIAL VALUE OF MASS TRANSFER COEFFICIENT —  (CM/MIN)
C LINE NO. 12
C EPAN = EXPANSION FACTOR FOR REACTION OF PELLET
C (HARTMAN AND COUGHLIN EXPRESSION)
C CSOG = GRAIN SOLID CONC ENTR ATIC N —  MGMOLF/CC
C LINE NO. 13
C DEAPO = INITIAL PELLET EFFECTIVE DIFFUSIVITY —  (CM**2)/MIN
C DEAG = DEFINED ABOVE
C PHIP = THIELE MODULUS FOR PELLET
C PHIG = THIELE MODULUS FOR GRAIN
C BI = BIOT NUMBER
C DTHETA = DIMENSIONLESS TIME STEP
C PROFL1, PR0FL2, PROFL3, AND PRCFL« REPRESENT
C THE LOCAL CONVERSION, THE GAS CONCENTRATION
C ,T HE GRAIN RADIUS AND THE UNREACTED—CORE-RADIUS
C PROFILE RESPECTIVELY
C PROFLb = LOCAL POROSITY PROFILE
C PROFLb = ElMENSIONLESS EFFECTIVE DIFFUSIVITY PROFILE
C PROFL7 ■= LOCAL SPEC. SURFACE AREA PROFILE
C PROFLB = LOCAL DENSITY PROFILE
C READ INPUT DATA






IF (IRUN. EQ. 0) GO TO 993 
WRITE(6,1b)
15 FORMAT(1H1,10X,'GENERAL GRAIN MODEL —  ACCOUNTS FOR REACTION AND S 
11NTERING *)
WRITE (6,11) IRON, EPSG,RADPO,CSO,BET A
11 FORMAT (5X, 'IRON = »,I4,2X, » EPSG = » , F 10.4,2X,'RADPO = *,F10.4,
1 2X, *CSO = *,F10.4,2X,,BETA = ’ , F 1 a)
READ (5,31) CAO , A A , AS , AP
31 FORMAT (4G10. 0)
30 FORMAT (5X,’CAO = • , E1 2. 5 , 2 X , « A A = •,F 10.3,2X,«AS = ',F10.3,
1 2X,» AP = » ,F10.3)
WRITE(6,30) CAO ,AA ,AS ,AP
RE A D (5,40) N ,1 TER,DTIME,XFINAL,TEMP,EXSTEP,NRAD 
WO FORMAT (215,4F10.4,110)
WRITE (6,4444) N,ITER,DTIME,XFINAL,TEMP,DXSTEP,NRAD 
4444 FORMAT(5X,'N = *,15,2X,'ITER = ',15,2X,* DTIME = •,F10.4,
1 2 X,*XFINAL = «,F10.4,2X,'TEMP = •,F10.4,2X,* DXSTEP = »,
2 F10.4,2X,•NRAD = *,15)
READ(5,500) EABMO,MWR,MWP
500 FORMAT (3F10. 5)
WRITE(6,5555) PARMO,MWR,MWP 
5555 FORMAT (5X,•PARMO = ',F10.4 ,2X,* MW R = *,P 10.4,2X,'MHP = •,F10.4)
SINTERING CONSTANTS FOR SURFACE AREA VARIATIONS
K1S IS CALCULATED FROM AN ARRHENIUS TYPE RELATIONSHIP 
K2S IS READ IN DIRECTLY
RE AD (5, 42) K 1SO, ESS 1, POWS 1 ,K2S ,POWS2
42 FORMAT(6G10.0)
WRITE(6,4 3) K1S0,ESS1,P0WS1,K2S ,POiS2
43 FORMAT (5 X, * K1SO = » , E1 2. 5 ,2X , • ESS 1 = ' , S1 2. 5, 2X, * P0WS1 = »,E12.5,
1 2X,»K2S = •,E12-5,2X,'POWS2 = «,E12.5) 386
READ(b,4b) AI1,ROM 1,A12,ROW2 
Mb FORM AT (4 F 10. 4)
WRITE(5,6666) All,RCW1,A12,ROW 2 
66b 6 FORMAT (bX, • AI1 = * , F10. 4, 2X, » ROW1 = • , F 1 0. 4 , 2X , * AI2 = *,F10.4, 
1 2X, * R0W2 = * , F 10. 4)
C SINTERING CONSTANTS FOR POROSITY VARIATIONS
READ (b, <*31) FORK 1,POPW1 ,PORK2,POPW2 
931 FORMAT (4G10.0)
900 FORMAT (bX, * PORK1 = • , El 2. b, 2X * «POPM 1 = »,E12.b ,2X,*PORK2 = », 
1El2.b,2X,'POFW2 = »,E12.5)
WRITE (6 ,900) PORK1,POPW1,PORK2,rOPW2 
C CALCULATION OF K1S
K1S=(K1S0*EXP(- (ESS1) / (l.ya72*TEMP) ) ) *A11 ** (1.-POW S1)
RSO=3.0/ (All*ROW1)
EPSPO = 1. - (PARMO)/ (ROW 1*4. 1888*RADPO**3.)
WRITE (6,901) K1S,K2S,PSO,EPSPO
901 FORMAT (bX,»K1S = ',El 2.b,2X,'K2S = »,E12.b,2X,*RSO - *,E12.b, 
12X, • EPSPO = E12. b)
C KS CALCULATED FROM ARRHENIUS RELATIONSHIP
READ(b,902) KKIN , AKIN ,DEAG
KS = KKIN * EXP (— A KI N/ (1. 9 8 7 2 *T EM P) )
WRITE(6,903) KKIN , AKIN , KS
902 FORMAT (4G10. 0)
903 FORMAT (bX,'KKIN = •,El 2.b,2X,•AKIN = •,E12.b,2X,*KS = *,E12.5) 
READ(b,93) G,VISG,ROGfDM
93 FORMAT (8G10- C)
WRITE (6 , 94) G,VISG,RCG, CM
94 FORMAT (bX, * G = * , E 1 2. b, 2X, ' VISG = ' , E12. b , 2X , * ROG = * , E12. b,
1 2X ,'DM = *,E12.b)
KM AO = ((( 0 . / 2 b / (( 2-*RADPO*G/VISG) **0. 41 - 1-b)) *G)
387
1 /BOG) * (1./ ( (VISG/ (HOG * DPI ) ) ** (2./3.)))
EPSP = EPSPO
POREO= 2.0 *EPSP/(AI1*(1.-EPSP) *R0H1)
DKO = (POBEO *9/00.0*(TElP/34.08) **0. 5 ) * 60.
DGO = (DKC *DP! )/(DKO ♦ DR )
WRITE (6,750) PGREO,DKO ,DM , EGO , KM AO
750 FORMAT(5X,*POREO = «,E12.5,2X,«DKO = *,E 12.5, 2X ,* DM = ',E12-5,
12X , *DGO = »,E12.5,2X,»KMAO = ',E12.5)
EPAN = - (AP * RO W1 * M W P) /(AS *BOW2*KWR* (1. — EPSG) )
CSOG = CSO/(1.- EPSPO )
DEAPO = DGO *EPSP**BETA
PHIP = KS * CSO * RADPO / EEAPO
PHIG = KS * CSOG * RSO / DEAG
BI = KMAO * RADPO / DEAPC 
DTHETA = KS * CAO *DTIME/RSO
WRITE (6,9999) EPAN,CSOG 
9999 FORMAT (5X, * EPAN = • , E1 2. 5 ,2 X , • CSOG = E12.5)
WRITE(6,825) DEAPO ,DEAG ,PHIP ,PUIG ,EI ,DTHETA
825 FORMAT(5X,‘DEAPO = » , E 12. 5, 2 X,'DE AG = * , E12. 5,2 X, ' PHIP = ‘,E12.5, 
12X,'PHIG = ' ,E12.5,2X,»3I = •,E12.5,2X,»DTPETA = *,E12.5)
WRITE (6,10«5)
10U5 FORMAT (//// 6 (6X, ‘TIME*, 3X, 'CONV')/)
C INITIALIZE PROGRAM PARAMETERS
H = 1./FLOAT (N)
H2=H*H 
NP1=N +1
NPRINT = N/NFAD 
NRADP1 = NRAD * 1 





XSTSP2=0.b O  
TINE=0.
XBAR=0.
DO 60 1=1, N P 1 
X (I) =0.0 
R (I) =1.0 
HOHIX(I) = ROM 1 
RADG(I) = 1.0 
AT (I) = AI1 
DIHD(I) = 1-0 
POBOS(I) = EFSPO 
PORE (I) = POREO 
DK (I) = DKO 
DG (I) = DGO 
60 C( I) = ( (FLOAT <I) - 1. ) /FLOA 1 (N) ) **3.
c (1) =C (2)
ALPHA = 1.0 
DALPHA = 0 . 0  
RADP = RADPO 
ATAV = A 1 1 
DO 80 1=1,NF1 
80 CTEMP(I) = C( I)
CALL GASBLN (X,CTEHP,CNEW,AA ,PHIG ,PHIP
1 BI ,RADG,DIflD,EPAN,POROS,EPSPO,ALPHA)
DO 00 1=1,NE1 
yO C( I) = CNER (I)
100 CONTINUE
DO 180 IV RIT E= 1,6 
ICNT = ICNT *■ 1
389
TX (1*1 WRITE) =TINE 
TX(2,IWRIIE)=XB AR 
TX (3, IWRITE) = EPSP 
TX (4,1 WRITE) = RADF 
TX (b, IMF IT E) = ALPHA 
IF (XBAR.LT.XSTEP1) GO TO 120 
1=0
IX=IX+1
DO 110 IKEEP=1,NP1,NPRINT 
1 =  1 + 1
PR0FL1 (IX,I) = X (IKEEP)
110 PR0FL2 ( IX,I) = C( IKEEP)
SXBAR (IX)=XBAR 
ST IHE (IX) =TIHE 
SEPSP (IX) =EPSP 
SRADP(IX) = RA CP 
SATAV(IX) = ATAV 




PR0FL3 (IX, I) =R ADG (IKEEP)
PR0FL4 (I X, I) = R (IKEEP)
PROFLb (IX,I) = POROS (IKEEP)
PROFLb (IX, I) = DIMD (IKEEP)
PROFLb(IX,I) = RCHIX(IKEEP)
22b PROFL/ (I X, I) = AT (IKEEP)
120 CALL SLDBL1 (ISTART,R,CNEW,AA ,AS ,PHIG ,
1PHIP ,BI ,DTHETA, RADG,TIHE,X,DIHD,ALPHA,CALPHA,EPAN,POROS, 
2EPSPO,CSO)
TIHE = TIHE ♦ DTIHE 390
o 
u
CA L L  SIHPS ( X,XBAR)
C UPDATE FARAHETHRS
DO 130 1=1,NP1 
IF (R (I) .LT.O.O) R (I) = 0.0 
IF (X (I) .LT.O.O) X (I) = 0 . 0  
IF (X(l).GE. 1.) X(I)=1.
CALCULATION OF SURFACE AREA CHANGE DUE TO SI NT RUING
A 1 =  ( A I  1 * *  ( 1 . - P 0 H S 1 )  * K 1 3  *  ( P C H  S  1 -  1 .  ) *  T I H E )  *  *  (  1 .  /  ( 1  .  -  P O M S  1 )  )
A 2  =  ( A I 2 * *  ( 1 . - P 0 W S 2 )  ♦ K 2 S *  ( P C W S 2 -  1 .  ) *  T I N  E)  *  *  ( 1 .  /  ( 1 .  -  POW S 2 )  )
F A C  =  - A P  * H W P / ( A 3  * H W R )
C CALCULATION OF SURFACE AREA CHANGE DUE TO CONVERSION
AT (I) = ( F AC* A2*X (I) + A 1 * (1 .-X (I) ) ) / (FAC* X (I) ♦ 1 . - X (I) )
IF (AT (I) .GT. AI 1) AT (I) = A I 1
ROfllX (I) = { (1.-X (I) ) *THR X (I) *HWP* (-AP /AS ) ) / ( ( 1 . - X (I) ) *
1 H HR/ROW 1 + (-AP *X (I) *BWP/(AS *RQW 2 ♦ ( 1.-EP SG) ) ) )
BADG(I) = 3. 0/ {AT (I) *RCHIX (I) )
RADG(I) = RADG (I) / ES0
R(I) =RADG(I) * ( (1. - X (I) ) / (X (I) * (BPAN-1.J + 1.)) **(1./i.)
C POEOSITI CHANGES WITH SINTERING ONLY ABOVE bOOC (/73K)
IF (TEHP.GT.800.) GO TO 0 20 
POESIN = EPSPO 
GO TO 93 0
C CALCULATION OF POROSITY CHANGE DUE TO SINTERING
92 0 YOLD = HWP/FOW2
E P S  P R  =  ( E P S P O * *  ( 1 . - P O P W 1 )  -  P O P  K 1 * 1 1  H E *  (  1 .  -  P O P W  1 )  )
1 ** (1./ (1.-EOPK1) )
PORPEO = 1.
1 + (1. - EPSPO ) * ROW 1 * 1. * ft P * VOID/ ( M WR * AS)
IF (PORPRO.LE.O.0) GO TO U3Q
391
EPSPP = (POBFRO**(1.-P0PH2) - PORK2*TIN E* (1 .-POP* 2) )
1 ** (1./ (1.-FOPH2) )
GO TO 43 1
430 PORPRO = 0 . 0  
EPSPP = 0 . 0
431 PORSIN = EPSPO ♦ (EPSPR-EPSPO) * (1.-XEAR)
1 * (EPSPP-PQRPRO) *XEAR
C CALCULATION OF POROSITY CHANGE DUE TO CONVERSION
930 VQLB = HHR/BCW1 
VOLD = HWP/P0W2
POROS (I) = 1. - (1. ~ PORSIN) * ROH 1 * (1.-X (I) ) *VOLB/NHB 
1 + (1. - PORSIN) * ROB1 * X (I) * AP * VCLD/ (THR*AS)
IF (POROS (I) -LE. 0.0) GO TO 3333 
130 CONTINUE
CALL SIHPS (POROS,EPSBAR )
CALL SIHPS (AT,ATAV)
PARH = PARHO*(1.-XEAR* (1. ♦ (AP *HWP)/(AS *HHR) ) )
ROTOT = ( (1.-XEAR) *HHR ♦ XBAR*HHP*(-AP /AS ))/( (1.-XEAR) * 
1 HHR/ROH1 ♦ (— AP *XBAR*HHP/ (AS *ROW2)) )
RADP = (3-*PARN/(4.*3. 14 16*ROTOT* (1.-EPSBAR)) ) **(1./3.)
ALPHAN = RADP / RACPO
DALPHA = ALPHAN-ALPHA
IF (D ALPHA. GT. 0.0) DALPHA=0. 0
ALPHA = ALPHAN
EPSP = EPSEAF
KHA = ((( 0.725 / (( 2.+RADP ♦G/VISG)**0.41 - 1.5)) *G)
1 /ROG) * (1./( (VISG/ (ROG * DH ) ) ** (2./3.)))
BI = KHA * RADPO / DEAPO 
DO 141 1=1,NP1
PORE (I) = 2.0* POROS (I) / (AT (I) * (1.-POFCS (I) ) * HOHIX(I))
DK (I) = (PORE (I) * 9700.0 ♦ (TEH P/34. 0 3) **0.5) * 60. 392
DG (I) = (DK Cl) * DP) / (DK (I) ♦ DM)
DE AP (I) = DG (I) * POROS (I) **BETA
DIMD(I) = D E AP (I) /DEAPO
141 CONTINUE
DO 140 1=1,NP1 
140 CTEMP (I) = C ( I)
CALL GASBLN (X,CTEMF,CNEW,AA ,PHIG ,PHIP ,
1 BI ,RADG,DIMD,EPAN,POROS,EPSPO,ALPHA)
DO 1 bO 1=1,NP1 
1 bO C( I) = CNEH(I)
IF (XBAR. LT.XSTEP2) GO TO 170 
DTIME=2.*DTIPE 
DTHETA = 2-♦CTEETA 
XSTEP2= 2.*X STEP2 
ISTART = 0 
170 IF (XBAR. GE. X f IN AL) GO TO 210 
IF (ICNT.GT. ITER) GO TO 19b 
180 CONTINUE
MRITE(6, 190) (TX(1,I) ,TX (2,1) , 1=1,6)
190 FORMAT ( bX, 6 (F7. 3, 2X, Fb. 3, 3X) )
GO TO 100 
195 WRITE (6,200) ICNT
200 FORMAT (//1OX,'MAXI MUM NUMBER OF ITERATIONS TO REACH XFINAL HAS ', 
'BEEN EXCEEDED. ' /10X, 'PROGRAM WILL OUTPUT REMAINING ', 
'INFORMATION AND TERMINATE THIS CASE.', /10X, 'ITERATIONS', 
' USED = ', 16)
210 II=IWRIT E*1
TX {1 ,11) = TIME 
TX (2,11) = XEAR
WRITE (6,190) (TX (1 ,1) ,TX (2,1) , 1=1,11)
393
HRITE (6,220)
220 FORMAT (// 3X,'THE SPATIAL PROFILES CF LOCAL FRACTIONAL CCNVERSIO* 
, 'N AND GAS RE ACTANT *,/8X, ' CCNCEN1RATION FOR VARIOUS',
' TIMES AND OVERALL CONVERSION ARE')
DO 240 1=1,IX
HRITE (6,230) STIME (I) , SXBAR(I), (PROFL1 (1, II) , II=1,NRADP1)
230 FORMAT (///BX, 'AT TIME = *,P7.3,' MIN AND FRACTIONAL CONVERSION
= ', F6.3, //10X, 'THE LOCAL FRACTIONAL CONVERSION •, 
'PROFILE IS », /10X, 1 1F9. 4/10X, 1 1P9. 4/10X, 4F9. 4)
HRITE (6, 300) (PHOFL3 (I,II) , 11= 1 ,NR ADP1)
300 FORMAT (//BX,'THE PROFILE FOR THE GRAIN RADIUS IS*,/10X,6E11.4,/10X 
*,6E11.4/10X,6E11.4/10X,6El1.4/10X,2E11.4)
HRITE (6,325) (PROFL4 (1,11) , 11= 1 , NR ADP 1)
325 FORMAT (/10X, 'THE PROFILE FOR THE CORE RADIUS/ INITIAL RADIUS IS', 
1/7X,11FB-4/7X,11FB.4/7X,4F8.4)
HRITE (6,250) (PROFL2 ( I ,111),111= 1 ,NRADP1)
250 FORMAT (/10X,'THE PROFILE FOR GAS REACTANT ', ' I S ' ,  /10X,
1 1F9.4/10X,1 1F9.4/10X,4P9.4)
HRITE (6, 1550) (PROFL5 (I, III) ,1 11 = 1, NRADP 1)
1550 FORMAT (/10X,'THE IOCAL POROSITY PROFILE IS *,/10X, 
19E12.5,/10X,9E12.5/10X,BE12.5)
HRITE (6, 1551) (PRO FL6 (I, III) , 1 11 = 1, NRADP 1)
1551 FORMAT (/10X,'THE DIMENSION LESS EFFECTIVE DIFFUSIVITY PROFILE IS • 
U,/10X,9E12.5,/10X,9E12* 5/ 10X,8F12.5)
HRITE(6,1552) (PROFL7(I,III),I11=1,NRADP1)
1552 FORMAT (/10X,'THE SPECIFIC SURFACE AREA PEOPILE IS ’, 
1/10X,9E12.5,/10X,9E12.5/10X,8E12.5)
HRITE(6,1553) (PROFLB(I,III),I 11=1,NRADP1)
1553 FORMAT (/10X, 'THE LOCAL DENSITY PROFILE IS * ,
U/10X,9E12.5,/1UX,9F12.5/10X,8E12. 5)




15b4 FOBHAT(/10X, 'THE OVERALL PELLET POROSITY IS »,E12.5,
1/1 OX,’THE PRESENT PELLET RADIUS IS *,E12.5,
2/1OX,'TH E OVERALL SURFACE AREA IS ' ,E12.5)
240 CONTINUE
HRITE (6,230) TIHE, XBAR, (X (I), I = 1,NP1,NPRINT)
HRITE ( 6 , 300) (RADG(I) ,1=1,NP1, NPRINT)
HRITE (6, 325) (R (I) ,1=1 , NP1 , NPRINT)
HRITE (6,250) (C ( II), 11= 1, NP 1, NPRI NT)
HRITE(6, 1550) (PORCS(I) ,1 = 1,NP 1,NPBINT)
HRITE (6,1551) (DIHD (I) ,1=1,NP1,NPRINT)
HRITE (6, 1552) (AT (I) , 1= 1 , NP 1 , NPRI NT)
HRITE (6,1553) (ROW IX (I) , 1= 1, NP 1, N PR INT)
HRITE (6,1554) EPSP, RADP, ATAV 
GO TO 1
3333 HRITE(6,3334)
3334 FORHAT (///10X,'POROSITY IS NOW ZERO. HILL OUTPUT REGAINING INFO') 
GO TO 210
998 HRITE (6,999)
999 FORHAT (///10X, 'LAST CASE HAS BEEN RUN')
STOP 
END
SUBROUTINE FOR SOLVING SOLID PHASE MATERIAL EALANCE 
—  ONE REACTIVE GAS —
SUBROUTINE SLDBL1 (1START,Y,C,A A,AS,PHIG,PHIP, 
1BI,DTHETA,RADG,TIHE,X,DIHD,ALPHA,DALPHA,EPAN,POROS,EPSPO,CSO) 
DIHENSION Y (201) ,C (201) ,CTEHP(201) ,RADG (201) ,X (201) , DIHD (201) 
DIHENSION POBOS (201)
COHHON / A 11/ N,N?1,H,H2
COHHON/C 11/ K1 , K2, KJ,K4,YM1 (201) ,YH2 (201) , YM 3 (20 1) , F (20 1) , FM 1 (201)
,FM2(201)
REAL K 1 (201) , K2(201), *3(201), K4(201)
FCT1(X1,X2,X3,X4) =
1 3.*ALPHA**3.* ( (1.-X1)/(X1*(FPAN-1.)*1.))**(2-/3.) *AS* {1.-X4)
2 *X2 / ( X3*(1.-FPSPO)* (1.-AA*PHIG*X3*{( 1.-X1)/{XI* (EPAN -1.
2 )+1.))**(1./3.) * (1.-((1. — X1)/(X1*(EPAN-1«.) + 1.))**(1./3«)) ))
DO b 1=1,NP1 
b F (I) = FCT1 (X (I) ,C (I) ,RADG (I) , POROS (I) )
IF (ISTART.GE- 1) GO TO 20 
DO 10 1=1,NP1 
YM 3 (I) = 0.
YM2 (I) = 0.
YH1 (I) = 0.
FH2 (I) = 0.
10 FM 1 (I) = 0.
20 IF (ISTART.GE.3) GO TO 100 
DO 30 1=1,NP1 
30 K1 (I) = F(I)
DO 40 1=1,NP1 
40 K2 (I) = X(Z) + O.b * DTHETA * K1 (I)
CALL GAS BLN(K2,C,CTFMP,A A,PHIG,PHIP,BI,RADG,DIHD,EPAN,POROS,EPSPO, 
1 ALPHA)
DO 50 1=1,NP1 
bO K2 (I) = FCT 1 (K 2 (I) ,CTEMP (I) , R ADG (I) , POROS (I))
DO 60 1=1,NP1 
60 K3 (I) = X(I) + 0. b*DTHFTA * K2 (I)
CALL GAS BLN (K3,C,CTF1P,AA,PHIG,PHIP,BI,RADG,DIMD,SPAN,POROS,EPSPO, 
1 ALPHA)
DO 70 1=1, NP1 
70 K3 (I) = FCT 1 (K3 (I) ,CTE1P (I) , R ADG (I) , POROS (I) ) 3
9
6
DO 80 1=1,NP1 
80 K4(1) = X(I) ♦ DTHETA * K3(I)
CALL GASBLN (K4,C,CTEMP,A A, PHIG,PHIP,BI,RAEG,DIMD,EPAN,POROS,EPSPO, 
1 ALPHA)
DO 90 1=1,NP1
K4 (I) = f CT 1 (K 4 (I) yCTE'IPJI) ,BAPG(I) ,POROS{I))
YM3 (I) = YM2(I)
YM2 (I) = YM1 (I)
YM 1 (I) = X(I)
X(I) = X (I) + 0.1bbbb6bb * DTHETA * (K1(I) *■ 2.*K2(I) ♦ 2.*K3(I)
+ K4(I))
IF (X (I) . GE. 1.) X(I) = 1- 
FM2 (I) = FM 1 (I)
90 FM 1 (I) = F (I)
ISTAfiT = ISIART ♦ 1 
RETURN 
100 DO 110 1=1,NP1
110 K 1 Cl) = m 3 Cl) + 1.3333333 * DTHETA * (2. *F(I) -FM1 (I) *-2. *FM2 (I) )
IF (ISTART. GT. 3) GO TO 130 
DO 120 1=1,NE1 
120 K4 (I) = 0.
130 DO 140 1=1,NP1
140 K2 (I) = K 1 (I) «■ 0.9 2bb 1983 *K4 (I)
CALL GASBLN(K2,C,CTEMP,A A,PHIG,PHIP,El,R AEG,DIME,EPAN,POROS,EPSPO, 
1 ALPHA)
DO 1b0 1=1,NP1
K3 (I) = 0. 12b* (9. *X (I)-YM2 (I)+3. *DTHETA* (FCT1 (K2 (I) ,CTEMP (I) ,
1 RADG (I) , POROS (I)) +2. *F (I)-FM1 (I)) )
K4 (I) = K3 (I) - K1 (I)




YH2 (I) = YM 1 <I)
YM 1 (I) = X (I)
X(I) = K3 (I) - /.438016E-02 * (I)
IF (X (I) - GE. 1.) X fl) = 1.
FN2 (I) = FB 1 (I)
150 FM1 (I) = F (I)
ISTART = ISTART *■ 1
RETURN
END
SUBROUTINE FOR SOLVING GAS PHASE BATERIAL BALANCE
SUBROUTINE G ASBLN ( X ,C rCN EH , A A, PHIG, PH IP, !3I, R AEG, DIMD,
1 EPAN,POROS,EPSPO,ALPHA)
COMMON / A11/ N ,NP1,H,H2 
COMMON/B11/RADIO,RSO
DIMENSION Y (20 1) , C(201), CNEH(201), D (201) , U (201) , RHS(201) 
REAL L (201)
DIMENSION RADG (201) ,X (201) ,DIME (201) , POROS(201)
DO 10 1=1,NP1 
IF (X(I).LT.O.O) X(I)=0.0 
IF (X (I) .GE. 1.) X (I) = 1- 
10 CNEW(I) = C(I)
ALPHA2 = ALPHA*ALPHA 
DO 20 1=2,N
PL = (1./ (2. *H) ) * ((2./(FLOAT (1-1) *H) ) * DIMD (I)
1 ♦ ( DIMD (1*1) ~ DIMD (1-1) )/(2.*H) )
L (I) = DIMD(I)/H2 - PL 
20 U(l) = DIMD(I)/H2 ♦ PL 
L (1) =0.0




ABC = (1.-X (I) ) / (X (I) * (EPAN -1.) +1.)
D (I) =(-2.0*DIMD (I) )/il2 «• i.*ABC** (2./3.) *AA*PHIP*RADPO* (1„ — POROS { 
11) ) *ALPHA2/ (FSO*RADG (I) * (1.- EPSPO) * (1. - A A*PHIG*R ADG (I) *ABC**
2(1./3.) * (1.-AEC ** (1-/3.) ) ) )
40 RHS(I) =0.
ABC = (1 .-X (NP1) ) / (X (NP1) * (EPAN -1.) +1.)
D (NP1) = ALPHA2 * 3.*ABC** (2./3.)*AA*PHIP*RADPO*(1.-POROS{
1 NP 1) ) / (RSO*RADG (NP 1) * (1.-EPSPO) * (1.-A A*P HIG*RADG (NP 1) *ABC** (1./3. )
2 * (1.-ABC **(1./3.)))) + (-2.*BI) /H - DIND(NPI)/H2
3 + (2«*DIMD (NP1) )/(N*H2) - DIMD(N)/H2
L(NP1) = DI ME (NP 1) /H2 - (2 . * DI MD (N PI) ) / (N * H2) ♦ DIMD(N)/H2
U (NP1) = 0.0 
RHS (NP1) = (-2 - *BI) / H 
DO 100 1=1,NP1
IF (ABS (L (I) ) -LE. 1. OE— 30) L (I) = 1.0E-30 
IF (ABS (D (I) ) .LE. 1. OE-30) D (I) =1.0E-30 
IF (ABS (U (I) ) .LE. 1- 0E-30) U (I) =1.0E-30 
IF (ABS (HHS (I)) .LE. 1. 02-30) RHS (I) = 1- 0E-30 
100 CONTINUE
CALL TRIDAG (1 , NP1 ,1 , Df U ,RHS,C NEW)
DO 50 1=1,NP1 





COMMON / A11/ N ,NP1,H , H2 
DIMENSION F (20 1) , X (201)










IP(NCHECR.EQ.NP1) GO TO 30 
NH1 = N-1 
DO 10 1=1, N P 1 
10 F (I) * X(I) * ( ((FLOAT (I)-1.) *H) **2.)
XBAR = F (1) ♦ 4. *F (2) «• F(NP1)
DO 20 I=3,NH,2 
20 XBAR = XEAR ♦ 2-*F(I) * *»-*F (1 + 1)
XBAR = H * XEAR 
RETURN 
30 WRITE(6,40)
40 FORHAT (///5X,* SIHPSONS RULE REQUIRES AN EVEN NUMBER OF INTERVALS*) 
STOP 
END
SUBROUTINE FOR SOLVING A SYSTEH OP LINEAR SIHULTANEOUS 
EQUATIONS HAVING A TRIDIAGONAL COEFFICIENT MATRIX.
THE EQUATIONS ARE NUMBERED FRO H IF THROUGH L, AND THEIR 
SUB-DIAGONAL, DIAGONAL, AND SUPER-DIAGON AL COEFFICIENTS 
ARE STORED IN THE ARRAYS A, B, AND C. Tfl F COMPUT ED
SUBROUTINE TRIDAG (IF, L, A ,B,C, D,V)
DIHENSION A (201) ,B(201) ,C(201) ,D (20 1) , V (20 1) , BETA (201) ,GAHMA (201)
.....COMPUTE INTERMEDIATE ARRAYS BETA AND GAHHA.....
BETA(IF) =E (If)
GAHHA (IF) =D (IF)/BETA (IF)
IFP1=IF+1 
DO 1 I=IFP1,L
BETA (I) =B (I) -A (I)*C (1-1)/BETA (1-1)
1 GAHHA (I) = (D ( 1) — A (I) ♦GAMMA (1-1) )/BETA (I)
C 400
 COBPOIE PINAL SOLUTIGN VECTOR
V (L) =GABHA (L)
LAST=L-IF 
DO 2 K-1tLAST 
I=L-K
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8XA RPLE FFOGRAR OOTPUT
GENERAL GRAIN flODEL —  ACCOUNTS FOR REACTION AND SINTERING 
IRUN = 110 EPSG = 0.0 RADPO ■= 0.1786 CSO = 19.0600 BETA = 2.0000
CAO = 0.12520 E-03 AA = -1.000 AS = -1.000 AP = 1.000
N = 50 ITER = 500 DTIIE = 0.0250 XF1NAL = 0.9800 TEMP = 973.0000 DXSTEP = 0.1000 NRAD =
PARRG = 32.2500 RHR = 70.9400 HUP = 87.0000
KlSO = 0.14820 E*12 ESS1 = 0.49700F+05 POWS1 = 0.47600E*01 K2S = 0.90650E-10 POWS2 = 0.68600E+01
A11 = 132.5000 RON 1 = 5180.0000 AI2 = 81.5000 ROW2 = 3990.0000
PORK1 = 0. 15630E+04 POPV1 = 0.30090E+02 PORK2 = 0.41930E*-02 POPW2 = 0. 15480E+02
K1S = 0.10670E-07 K2S = 0.90650E-10 RSO = 0.43709E-05 EPSPO = 0.73910E*00
KKIN = 0.27660 E+02 AKIN = 0.81590E+04 KS = 0.40668E+00
G = 0.52659E+00 VISG = 0. 23160E-01 ROG = 0.33530E-03 Dll = 0.B1540F+02
POREO = 0.82551E-05 DKO = 0.25672F*02 DR = 0.81S40E+02 DGO = 0. 19525E»02 KR AO = 0. 14784E*04
EPAN = 0. 15922 E +01 CSOG = 0.73056F»02
DEHTO = 0.10666E + 02 DEAG = 0-U5000E-03 PHIP = 0.12980E+00 PHIG = 0.28859E*00 BI = 0.24757E»02 DTHETA =
'IRE CONV TIRE CONV TIRE CONV TIRE CONV TIRE CONV TIRE CONV
0.0 0.0 0.025 0.003 0.050 0.006 0.075 0.009 0.100 0.012 0-125 0.015
0. 150 0.017 0. 175 0.020 0.200 0.023 0.225 0.026 0. 250 0.029 0.275 0.032
0.3 00 0.035 0.325 0.038 0.350 0.041 0.375 0. 044 0.400 0.046 0.425 0.049
0.950 0.052 0.475 0.055 0. 500 0.057 0.525 0. ObO 0.550 0.062 0.575 0.065
0.600 0.067 0.625 0.070 0.650 0.072 0.675 0.075 0.700 0.077 0.725 0.079
0.750 0.082 0.775 0. 084 0.800 0.086 0.825 0. 089 0.850 0.090 0. 875 0.092
0.900 0.094 0.925 0.096 0.9 50 0.098 0.975 0. 100 1.000 0.102 1.025 0. 104




THE SPATIAL PROFILES OF LOCAL FRACTIONAL CONVERSION AND GAS REACTANT 
C O N C E N T R A T I O N  FOR VARIOUS TINES AND OVERALL CONVERSION A R F
AT 71 I F = 0.0 NIN AN C IR ACTIONAL CCNVFRS1CN = 0.0
THE T.OCAL FRACTIONAL CONVERSION "ROFILF 15
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
THE PROFILE FCfi THE GRAIN RADIUS IS
0. 1000E+01 0. 1000E* 01 0.1000E*01 0.10Q0E*01 0.1000F+01 0.1000E*01 
0. 10 00 F+ 0 1 0.1000F+01 0.1000F+01 0.10008*01 0.1000E*01
THE PRO FILE FOR THE CORE RADIOS/ INITIAL RADIUS IS 
1 . 0 0 0 0  1 . 0 0 0 0 1 . 0 0 0 0  1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0  1 . 0 0 0 0
THE PROFILE FOR GAS REACTANT IS
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1092
THE LOCAL POROSITY PROFILE IS 
0.7391 OF + OO 0, 7391 0E*00 0.73910F*00 0. 73910F*00 0.7J910S*00 0.73910F+00 0.73910E*00 0.73910E»00 C.73910E+00 
0. 7391 0 E ♦ 0 0 0.739 10 E*00
THE DIMFNSICNLESS FFFECTIVF DIFFUSIVITY PROFILE IS 
0. 10000K*0 1 0. 10000E+01 G.10000F*01 0.10000E+01 0.10000F*01 0.10000E+01 0.10000E+01 0. 10000E+01 0.10000E*01 
0.10000R+01 0.10000E+01
THE SPECIFIC SURFACE AREA PROFILE IS 
0.13250P+03 0.13250E+0 3 0.13250R*03 0.13250E*03 0.13250F+03 0.132S0F*03 0.13250F+03 0.13250E+03 0.13250E*03 
0.13250E+03 0.13250E+03
THE LOCAL DENSITY FRCFILE IS 
0.S1800E+0U 0.?180 0E+ 04 0.51800F+0U 0.5 1800F*O9 0.51800E+04 0.51800E+04 0.51800E+04 0.81B00E*0« 0.51800E*04 
0. 5 1 30 OF* 0 4 0.51800E+04
THF OVFRALL PELLET POROSITY IS 0.73910E*00
I ilE PPF5FNT PELLET RADIUS IS 0. 178bOF*00
T H F  O V E R A L L  SURFACE AREA IS 0.132S0F*03 404
AT T H E  = 1.000 flIN AND FF ACTIONS L CONVERSION = 0.102
THE LOCAI. FF ACTIONAL CONVERSION PKOFI1F ISn.oooo 0.0000 0.0000 O.OOOO 0.0000 0.0000 0.0000 0.0000 0.0000 0.0011 1.0000
THE "ROFILF FOR THE GRAIN RADIOS IS0.13 20 S+0 1 0. 1520E♦0 1 0.1520F+01 0.1520F*01 0.1320E+01 0.1520F+01 
0. 15 20 E*- 0 1 0.1320E*C1 0.1520E*01 0.13?1K*01 0.U305E+01
THP PIOFT I. F FOP THE COP" RADIUS/ INITIAL RADIOS IS 1.3200 1.3200 1.3200 1.3200 1.3200 1.3200 1.3200 1.3200 1.3200 1.3213 0.0
Tfcc ppnFILE FOR G*S REACTANT IS
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.5359
THE LOCAL POROSITY PROFILE IS 
0.692b7P*00 0.6926?E*00 0.69267E+00 0.69267E+00 0.69267E+00 0.69267E+00 0.69267E+00 0.69267E*00 C.69267E+00 
0.69237F+00 0.51069E*00
THE PlflENSIONLESS EFFECTIVE D1FF0SIVITY PROFILE IS 
0. 10114E *0 1 0.10114E+01 0.10114F*01 0.10114E+01 0. 1011 *4E«-01 0.1011 9E-S-01 0.10114E+0 1 0.10114E*0 1 0.10114E+01 
0. 10108E+01 0.68930Ef00
THE SPECIFIC SURFACE AREA PROFILE IS 
0.87172F*02 0.87172E»02 0.87 172E»02 0.87172E+02 0.87172E+02 0.B7172F+02 0.87172F*02 0.87172E>02 0.87172E+02 
0.87072F+02 0.38181E+02
THE LOCAL DERSITT PROFILE IS 
0.51800E«-04 0.51800E* 04 0.51800E*04 0.51800E+04 0.51B00E+04 0.51800E*04 0.51800E+04 0.51800E*04 0.51B00E+04 
0.317b9F*04 0.39900E+04
THE OVERALL PELLET POROSITY IS 0.67413E*00
THE PRE S1' NT PELLET RADIUS IS 0. 1b911F»00
THE OVERALL SURFACE AREA IS 0.81950F*02
405




n GBAIN MODEL— FOR ONE REACTIVE GAS
ASSUMES SCLID PROPERTIES CONSTANT AT INITIAL VALUES 
DIMENSION C (2, 101) , CNEW(IOl), CTEMP(101), R(101), X(101)#
TX (2, 6) r PROFL 1(11,21) , PROFL2 (2,11*21) , STIME(11), 
SXEAR(11), DG (2) , DEAP (2), BI{2), PHIP(2), PHIG(2),
AA (2) , AS (2)
REAL KMA (2) , KS 
COMMON / A11/ N,NP1,H,H2 
COMMON/B11/R ADG,RAEP
COMMON / D1 1/ CAO (2) , KS (2) , DEAG(2), CSOG 
C
C INPUT DATA
C CARD NO. 1
C IRUN = RUN NUMBER
C NRE ACT = NUMBER OF REACTIVE GAS SPECIES (EQUALS ONE ALWAYS)
C EPSP = PARTICLE POROSITY— FRACTIONAL VOLUME
C DGRN = GRAIN EFFECTIVE DIFFDSIVITY— (CM**2)/SEC
C RADP = PARTICLE RADIUS— CM
C RADG = GRAIN RADIUS— CM
C CSO = BULK SOLID CONCENTRATION— MG MOLE/CC
C BETA = CONSTANT USED IN THE DETERMINATION OF EFFECTIVE
C DIFFUSIVITY— USUALLY 2-0
C CARD NO. 2
C DG = GASEOUS DIFFUSION CONSTANT— COMBINED KNUDSEN AND MOLECUL
C — (CM**2) /SEC
C KMA = MASS TRANSFER CONSTANT— CM/SEC
C CAO = BULK REACTIVE GAS CCNCENTRATION— MG MOLE/CC
C KS = REACTION RATE CONSTANT— (CM**1*) / (MG MOLE*MIN)









n AS = STCICHIMETR1C COEFFICIENT— SOLID PHASE CARD NO- 3
N = NUMBER OF INTERVALS THE SOLID RADIUS HILL BE DIVIDED 
INTO FOR INTEGRATION 
ITER = MAXIMUM NUMBER OF TIME STEPS 
DTIME = TIME STEP— MIN 
XFINAL = DESIRED FINAL CONVERSION 
INPUT DATA IS PRINTED IN SAME ORDER AS READ IN 
1 READ (b, 10) IRUN, NREACT,EPSP,DGRN,FADP,RADG,CSO, BETA
1U FORMAT (21b, F10.6,E10.3, F 1 0. 4 ,E 1 0-3, 2F 1 0-U)
IF (IRUN.EQ.O) GO TO SOB 
HRITE (6,15)
1b FORMAT (1H1, 10X, 'CONSTANT PROPERTY GRAIN MODEL')
HRITE (6,11)IRUN,NREACT,EPSP,DGRN,RADP,RADG,CSO,PETA 
11 FORMAT (bX, ' IRUN = »,Ib,2X,'NREACT = *,Ib, 2X, 'EPSP = *,F10-b,2X,
1 'DGRN = •,E12.5,2X,'RADP = ',F10.4,2X,/bX,'RADG = ',E12.b,2X,
2 'CSO = ',F10.4,2X,'BETA = *,F10.4)
DO 20 1=1,NREACT
RE AD (b, 3 0) DG (I) ,KMA(I) ,CAO (I) ,KS (I) , AA (I) ,AS(I)
30 FORMAT (4E12. 5, 4F3.0,E12.b)
HRITE (6,31) DG (I) , KMA (I) ,CAO (I) , KS (I) , A A ( I) , AS (I)
31 FORMAT(5X,•DG = *,E 12.b,2X,'KMA = ',£12.b,2X,'CAO = ',E12.b,2X, 





41 FORMAT (bX,'N = ',lb,2X,’ITER = ',lb,2X,'DT1M E = *,F10.4,2X,
408
1 •XFINAL = »,F10-4)
iBITE (6,45)
«5 FORMAT (////6(6X, 'TIME *, 3X, 'CONV')/) 
CSOG = CSO/ |1. - EPSP)
DO 50 1= 1,NREACT
DEAP(I) = DG (I)*EPSP**BETA
DEAG(I) = DGRN
BI (I) = KMA (I) *RADP/BEAP (I)
PHIP(I) = RAEP*KS (I) *CSO/(DEAP (I) *60. ) 
PHIG(I) = RADG*KS (I) *CSOG/(DEAG (I) *60. ) 
50 CONTINUE
H = 1./FLOAT (N)
H2=H*H
DTHETA = KS (1) *CA0 (1) *DTIME/RACG 
NP1=N+1 
NPRINT = N/10







DO 60 1=1, N P 1
X (I) = 0.0 
B(I) = 1-
DO 60 11=1,NREACT 
60 C(II,I) = ( (FLOAT (I) -1.J/FLOAT (N) ) **J.
DO 70 11=1,NREACT 
70 C (II, 1) =C (11,2)
DO 90 11=1.NREACT
409
DO 80 1=1,NE1 
80 CTEP1P (I) = C(II,I)
CALL GASBLN (R, CTEMF ,CNEW , A A (I I) , PHI G (II) ,PHIP(II) ,BI(II))
DO 90 1=1,NP1 
90 C(II,I) = CNEW(l)
100 CONTINUE
DO 180 ISRITE= 1, 6
IC NT = ICNT+1
TX (1,IHRITE) =TIME
TX (2,IHRITE)=XEAR
IF (XBAR- LT. XSTEP 1) GO TO 120
1=0
IX=IX+1
DO 110 IKEEP=1,NP1,NPRINT 
1=1 + 1
PROFL1 (IX, I) = X(IREEP)
DO 110 11=1,NREACT 
110 PROFL2 (II,IX,I) = C (II , IKEEP)
SXBAR(IX)=XEAR 
STIHE(IX)=TI HE 
XSTEP1 = XSTEP 1+0.10 
120 IF (NRE ACT. EQ. 1) CALL SLD9L1 (1ST ART, B,CNEW , A A { 1) , AS (1) , PRIG ( 1} , 
IPHIP(I) , BI (1) , DTHET A)
TIME = TIME ♦ ETIME 
DO 130 1=1,SEl 
IF (R (I) .LT. 0.0) R (I) = 0.0 
130 X(I) = 1. - R(I)**3.
CALL SIMPS ( X,XB AP)
DO 160 11=1,NREACT 
DO 190 1=1,NE1
410
140 CTENP(I) = C (II,I)
CALL GASBLN {H, CT5N P ,C NEW , A A (II), PH IG (II) , PHIP(II) ,31(11))
DO 1bO 1=1,NE1 
1 bO C(II,I) = CNEH (I)
1b0 CONTINOE
IF (XBAR. LT.XSTEP2) GO TO 170 
DTIHE = 2. * D U N  E 
DTHETA = 2.*ETHETA 
XSTEP2 = 2.* XSTEP2 
ISTART = 0 
170 IF (XBAR.GE. XFINAL) GO TO 210 
IF (ICNT-GT. ITER) GO TO 19b 
180 CONTINOE
WRITE (6, 190) (TX (1 , I) ,TX (2,1) , 1=1,6)
190 FORNAT ( bX , 6 (F 7. 3 , 2X ,Fb. 3 , 3X) )
GO TO 100 
19b WRITE (6,200) ICNT
200 FORNAT (//10X,»MAXINUN NUflBER OF ITERATIONS TO REACH XFINAL HAS
•BEEN EXCEEDED. • /10X, 'PEGGRAN HILL OUTPUT RETAINING *,
'INFORMATION AND TERMINATE THIS CASE.*, /10X, •ITERATIONS*, 
« USEE = •, 16)
210 II=IWRITE+1
TX (1,11) = TINE 
TX (2>II) = XEAR
WRITE (6,190) (TX(1,I) ,TX (2,1) , 1=1,11)
WRITE (6,220)
220 FORNAT (// 8 X,* THE SPATIAL PROFILES OF LOCAL FRACTIONAL CCNVERSIO* 
,*N AND GAS REACTANT*,/8X, 'CONCENTRATION FOR VARIOUS*,
* TINES AND OVERALL CONVERSION ARE*)
DO 240 1=1,IX






230 FOHHAT (///8X, * AT TINS = »,F7.3, » BIN AND FRACTIONAL CONVERSIO*
,»N = •, Fb.3, //10X, 'THE LOCAL FRACTION\L CONVERSION *, 
•PROFILE IS /10X, 11F9.4)
DO 240 I 1=1,NREACT
WRITE (b,250) II, (PPOFL2(II,I,III) ,111 = 1 , 11)
250 FORMAT (/10X,»THE PROFILE FOR GAS REACTANT • , 11, • IS», /10X,
11F9.4)
240 CONTINOE
WRITE (6,230) TIME, XBAR, (X (I), 1=1,NP1,NPRINT)
DO 260 1=1, NREACT 
260 WRITE (b, 250) I, (C(I,II), 11= 1, NP 1, NPRINT)
GO TO 1
998 WRITE (6,999)
999 FORMAT (///1OX, *LAST CASE HAS BEEN RUN*)
STOP
END
SUBROUTINE FOR SOLVING SOLID PHASE MATERIAL EALANCE 
— ONE REACTIVE GAS—
SUBROUTINE SLDBL1(ISTART,Y,C ,AA,AS,PHIG,?HIP,31,DTHETA) 
DIMENSION Y (101) , C (101) , CTEMP (101)
COMMON /All/ N,NP1,H,H2
COMMON/C 11/ F1,K2,K3,K4,YM1 (101) , YM2 (101) ,YM3 (101) , F (1 01) , FM1 (101) 
,FM2 (101)
REAL K 1 (101) , K2 (101) , K3(101), K4 (101)
FCT1 (X 1, X2) = AS*X2/ (1. - AA*PHIG*X 1* (1. - X1) )
DO 5 1=1,NP1 
5 F (I) = FCT 1 (Y (I) ,C(I))
IF (ISTART. GE. 1) GO TO 20
DO 10 1 = 1 ,HP1 
in 3 ( i )  = o .  
m 2 ( i )  = o .  
m i  ( i )  = o .
FM2 (I) = 0- 
10 FH1 (I) = 0.
20 IF (ISTART.GE.3) GO TO 100 
DO 30 1=1,NP1 
30 K 1 (I) = F (I)
DO 40 1=1,NP1 
40 K2 (I) = Y (I) + 0.5 * DTHETA * K1 (I)
CALL GASBLN (K2,C,CTEHP,AA,PHIG ,PHIP,BI)
DO 50 1=1,NP1 
50 K2 (I) = FCT 1 (K2 (I) ,CTEHP(I))
DO 60 1=1,NP1 
bO K3 (I) = Y (I) * 0.5* DTHETA * K2 {I)
CALL GASBLN {K3,C,CT EnP,A A,PHIG,PHIP,BI)
DO 70 1=1,NP1 
70 K3 (I) = FCT1|R3(I) ,CTEHP(I))
DO BO 1=1,NP1 
80 K4 (I) = Y (I) ♦ DTHETA * K3 (I)
CALL GASBLN (K4,C,CTEHP,AA,PHIG,PHIP,BI)
DO <*0 1=1,NP1
K4 (I) = FCT 1 (K4 (I) ,CTEnP(I))
YM3 (I) = YH2 II) 
m 2 ( i )  = m i  u )  
mi (i) = y (i)
Y (I) = Y (I) + 0. 16666666 * DTHETA * (K1 (1) + 2.*K2(I) *
+ K4(I))
FH2 (I) = FH1 (I)











ISTART = ISTAFT ♦ 1 
RETURN
DO 110 1 = 1,NP1
K1 (I) = Yf13(I) * 1-3333 133 * DTHETA * (2-*F (I)-FT1 (I) +2. *FM2 (I) )
IF (ISTAFT. GT. 3) 00 TO 130 
DO 120 1=1,NE1 
K14 (I) = 0-
DO 140 1=1,NE1
K2 (I) = K 1 (I) ♦ 0.92561S83 *KU (I)
CALL GASBLN (K2,C,CTENP,A\,PHIG,PHIP,BI)
DO 150 1=1,NF1
K3 (I) = 0. 125*(9.*Y(I)-YT2(I)+3.*DTHETA*(FCT1 (K2(I) ,CTEMP(I))
1 *2.*F(I)-FM1 (I)) )
K4 (I) = K3 (I) - K1 (I)
YN3 (I) = YH2 (I)
YM2 (I) = YM1 (I)
YN1 (I) = Y (I)
Y (I) = K3 {I) - 7. V 380 1 bE-02 * K4 (I)
FH2 (I) = FBI (I)
FH 1 (I) = F (I)
ISTART = ISTART ♦ 1
RETURN
END
SUBROUTINE FOR SOLVING GAS PHASE 8ATERIAL BALANCE
SUBROUTINE GASBLN(Y,C, CNEW,AA,PHIG,PH IP,BI)
COHNON /A11/ N,NP1,H,H2 
COHHON/B11/RADG,RADP
DIHENSION Y (101) , C(101), CNEH(101), D(101), U(101), RHS(IOI) 
REAL L (101)
414
DO 10 1= 1 ,NP1 
IF (Y (I) .LT» 0.0) Y (I) =0. 0 
10 CNE1 (I) = C(I)
DO 20 1=2,NP1
L (I) = FLOAT (1-2)/(FLOAT (1— 1) *E2)
20 U{I) = FLOAT (I) / (FLOAT (1-1) *H2)
U{1) = 2-/H2
L (NP1) = 2./H2
DO 40 1=1,HP1
D(I) = 3. * AA * PHIP * RADP * Y (I) **2. /
1 (EADG * (1- - AA * PHIG * Y (I) * (1- - Y (I) )) ) - 2./H2
40 RHS(I) = 0.
RHS (NP1) = -2. 0*H*BI*U (NP1)
D (NP1) = D(NP1) ♦ B HS (NP1)
CALL TBIDAG (1,NP1,L,0,U,RHS,CNEH)
DO 50 1=1,NP1 





COMMON / A11/ N ,NP1,H,H2 
DIMENSION F (10 1) , X(101)
NCHECK = (NP 1/2)*2 ;
IF (NCHECK.EQ.NP1) GO TO 30 
N M 1 = N- 1 
DO 10 1=1,NP1 
10 F (I) = X(I) * ( ( (FLOAT (I) - 1. ) *H) **2. )
XBAR = F (1) ♦ 4. *F (2) «• P(NP1)











20 IBAB = XEAR + 2.*F(I) ♦ 4.*F(I + 1)
XBAR = H * XEAB 
RETURN 
30 HRITE(6,40)
40 FORNAT (///5X,* SIMPSONS RULE REQUIRES AN EVEN NUMBER OF INTERVALS') 
STOP 
END
SUBROUTINE FOR SOLVING A SYSTEM OF LINEAR SIMULTANEOUS 
EQUATIONS HAVING A TRIDIAGONAL COEFFICIENT MATRIX.
THE EQUATIONS ARE NUMBERED FROM IF THROUGH L, AND THEIR 
SUB-DIAGONAL, DIAGONAL, AND SOPER-DIAGONAL COEFFICIENTS 
ARE STORED IN THE ARRAYS A, B, AND C. THE COMPUTED
SUBROUTINE TBIDAG(IF,L,A,B,C,D,V)
DIMENSION A (101),B (101) ,C (101) ,D (101) ,? (101) ,BETA( 101) , GAMMA (101)
.....COMPUTE INTERMEDIATE ARRAYS BETA AND GAMMA _
BETA (IF) = E (IF)
GAMMA (IF) = D (IFJ/BETA (IF)
IFP1=IF+1 
DO 1 I=IFP 1, L
BETA (I) = B (I) -A (I)*C (1-1) /BETA (1-1)
1 GAMM A(I) = (D (I) — A (I) * GAMMA (I-1) J/BETA (I)
 COMPUTE FINAL SOLUTION VECTOR V.....
V (L) =GAMMA (L)
LAST=L-IF 
DO 2 K=1,LAST 
I=L-K
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EXAMPLE IF OG RA M OUT nOT
C C N S T A  N"’ PFOPF.im GRAIN MODEL 
IKIIS = 104 NREACT = 1 E PS P = 0 . 709300 DGrN = 0. 10000E-02 RADP = 0. 17 V,
it ADG = 0.4.1710 E-05 CSO = 21. 2200 PFT A = 2 . 0 0 0 ( 1
DG = 0. 24 340F+OO KMA = 0. 17700E*02 CAO = 0.23640E-03 KS = 0.95000F-02 AA = -1.0000 AS =5o it e r 500 DTIMF = 0.0250 XFINAI, 0.9800
riME COR V TIME CONV TIME CONV TIME CCNV TIME CONV TIME CONV
0.0 0.0 0.025 0.002 0.050 0.005 0.075 0.007 0. 100 0.0 10 0. 125 0.0120. 150 0.015 0. 175 0.017 0. 200 0.019 0. 225 0.022 0.250 0-024 0. 275 0.0270. 300 0.029 0.325 0.031 0. 350 0.034 0.375 0.036 0.400 0. 039 0.425 0.0410.450 0.043 0.475 0. 046 0.500 0.048 0.525 0.050 0. 550 0.0 53 0. 575 0.0550.600 0.057 0.625 0. 060 0.650 0.062 0. b75 0.064 0.700 0.066 0.725 0.0690.750 0.071 0.775 0.073 0.800 0.076 0.825 0. 078 0.850 0.080 0.875 0.0820.900 0.084 0.925 0.C87 0.950 0.089 0.975 0.091 1.000 0.093 1.025 0.0961.050 0.0 96 1.075 0. 100 1. 100 0. 102 1. 125 0. 104 1.150 0-106 1. 175 0. 1091.200 0.111 1.225 0. 113 1.250 0. 1 15 1.2 75 0. 1 17 1.300 0.119 1.325 0. 1211. 350 0.123 1.375 0. 125 1.400 0.128 1.425 0. 130 1.450 0. 132 1.475 0.1341.500 0.136 1.525 0. 138 1.550 0. 140 1.575 0. 142 1.600 0. 144 1.625 0. 1461.650 0.148 1.675 0. 150 1.700 0. 152 1. 725 0. 154 1.750 0.156 1.775 0. 1581.800 0. 160 1.825 0. 162 1.850 0.164 1.875 0. 165 1.900 0. 167 1.925 0. 1691 .950 0.171 1.975 0. 17 3 2.000 0. 175 2. 025 0. 177 2.050 0. 179 2.07 5 0. 1802. 100 0.182 2. 125 0. 184 2. 150 0. 186 2. 175 0. 188 2.200 0. 1 90 2.225 0. 1912.250 0.191 2.275 0. 1S5 2.300 0.197 2.325 0. 199 2. 350 0.200 2. 375 0.2022.400 0.204 2.425 0. 205 2. 450 0.207 2.475 0.209 2.500 0.211 2.525 0.212
- 1.0000
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THE SPATIAL PROFILES OP LOCAL FHAC1IONAI. CONVERSION AND GAS REACTANT 
CONCENTRATION FOR VARIOUS TIMES AN I OVERALL CONVERSION ARE
AT TINE = 0.0 HIN AND FhACLICNAL CONVERSION = 0.0
THE LOCAL FRACTIONAL CONVERSION PROFILE IS 
0.0 0.0 0.0 0.0 0.0 0.0 0.0
THE PROFILE FOR GAS REACTANT 1 IS 
0.0000 0.0000 0.0000 0.0000
0.0 0.0 0.0 0.0
0.0000 0.0000 0.0001 0.0007 0.0061 0.0559 0.5179
AT TINE = 1.100 HIN AND FRACTIONAL CONVERSION = 0.102
THE LOCAL FRACTIONAL CCNVERSICN PROFILE IS
0.0 0.0 0.0 0.0 0.0000 0.0000 0.0002 0.0014 0.0122 0.1064 0.6718
THE PROFILE FOR GAS REACTANT 1 IS
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0009 0.0085 0.0759 0.5817
AT TINE = 2.350 MIN AND FRACTIONAL CONVERSION = 0.200
THE LOCAL FRACTIONAL CCNVERSION PROFILE IS
0.0 0.0 0.0 0.0 0.0001 0.0001 0.0005 0.0037 0.0322 0.2b22 0.9757
THE PROFILE FOR GAS REACTANT 1 IS
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0015 0.0130 0.1128 0.6b55
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